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ABSTRACT

Transmission Probability of Embolic Debris Through the Aortic Arch and Daughter Vessels
During a Transcatheter Aortic Valve Replacement Procedure

Jessica Lena Wirth

Cerebral ischemia leading to an ischemic stroke is a possible complication of a transcatheter aortic
valve replacement (TAVR) procedure. This is because embolic debris can become dislodged and
travel through the aortic arch, where they either continue to the descending aorta and join the
systemic circulation or travel into the cerebral vasculature through the three daughter vessels that
branch off the top of the aortic arch. These three vessels are the brachiocephalic artery, the left
subclavian artery, and the left common carotid artery. These three vessels lead either directly or
indirectly to the cerebral vasculature, where the diameter of vessels become very small. If a large
enough embolus travels into the cerebral vasculature, it can become stuck in the small cerebral
vessels, blocking blood flow and cutting off the supply of oxygen to brain cells. The purpose of
this study is to expand upon previous work in order to 1) create a more accurate physics simulation
of blood and debris flow through the aortic arch 2) report on embolic debris distribution through
the aortic arch and 3) analysis on which physical parameters affect embolic debris distribution. The
physical parameters analyzed were particle diameter and particle density. This study was performed
by creating a finite element model in COMSOL Multiphysics™ using a SolidWorks model of an
aortic arch, with dimensions taken from a patient’s CT scan. Computational fluid dynamics was
performed using a pulsatile pressure waveform throughout the aortic arch with a non-constant
viscosity model. Once the velocity profile through the aortic arch matched with value ranges from
literature, the particle tracing study was implemented. Both a pulsatile pressure waveform and a
constant pressure model were analyzed, as well as a constant viscosity model and a non-constant
viscosity model. The pulsatile pressure waveform influenced particle distribution and is
recommended for future studies since this model leads to pulsatile flow, which is representative of
flow through the aorta. It was seen that the non-constant viscosity model did not have a large effect
on the velocity profile, but more than doubled the surface average value of viscosity. It also had an
effect on the particle distribution through the aortic arch. Small diameter emboli were more likely
to flow into the descending aorta, the brachiocephalic artery, and the left subclavian artery; larger
emboli were more likely to flow into the left common carotid. Lower density emboli were more
likely to flow into the descending aorta and the brachiocephalic artery. Averaging all densities and
sizes, it was determined 44.8% of emboli flow into the three daughter vessels, but ultimately only
30.61% of emboli flow into the cerebral vasculature and have the potential to cause an ischemic
stroke.
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1.1

INTRODUCTION
Thesis Overview

Transcatheter aortic valve replacement (TAVR) has revolutionized heart valve replacement
surgeries since patients no longer have to undergo open-heart surgery and can instead undergo a
minimally invasive transcatheter surgery. However, ischemic stroke is one of the risk factors for a
TAVR procedure and there is currently no reliable way to predict who will have an ischemic stroke
due to the procedure. This thesis expands upon the work of Carr et al. [1] and Andrew Janicki [2],
both of whom analyzed the effect of debris transmission probability through the aortic arch. Carr
et al. [1] analyzed different types of aortic arch geometries to see if the geometry influenced emboli
distribution through the cerebral vasculature branching off the aortic arch. The work of Janicki [2]
was submitted as a thesis through California Polytechnic State University. This study analyzed
different debris sizes and compositions to see the effect on emboli distribution.
The purpose of this thesis is to expand upon the previous work by investigating debris
distribution throughout the aortic arch in order to determine the distribution of emboli and
examining which parameters increase the probability of emboli travelling to the cerebral
vasculature and potentially causing a stroke. There are three aims to this thesis and are as follows.
1) This thesis improves and expands on the finite element analysis (FEA) work of Janicki [2] in
order to include a more accurate physics in the prediction of debris distribution throughout the
aortic arch. This was performed through smoothing of the aortic arch model previously used,
including the use of the full Navier-Stokes equation, creating a more realistic fluid flow profile
through the incorporation of a non-constant viscosity model, and calculating the pressure drop
coefficients for the exit vessels of the aorta in order to create a pressure gradient. 2) After creating
and running the FEA model, embolic debris transmission probabilities were obtained and analyzed
1

in order to draw conclusions about embolic debris distribution through the aortic arch. 3)
Investigation about which physical parameters affect embolic debris distribution was performed,
especially those which affect the probability of a patient having a TAVR related ischemic stroke.

1.2

Thesis Motivation
It is estimated that 2.5 million people in the US alone currently suffer from aortic stenosis,

which is a disease that narrows the opening of the aortic valve, restricting blood flow from the left
ventricle to the aorta [3]. Most of these patients are over the age of 75, since scarring and calcium
deposition over one’s lifetime have a large effect on valve deterioration. As the aging population
in the US increases, the amount of people with aortic stenosis will continue to increase [3]. This
disease significantly affects a person’s quality of life; any physical activity requiring mild exertion
can lead to breathlessness, chest pain, fainting, and palpitations, and eventually will lead to
complete heart failure [4]. The current approach to treat aortic valve stenosis is by completely
replacing the aortic valve. This has traditionally been performed through open heart surgery, where
the old valve is cut out and a new, bioprosthetic valve is placed in the heart. These valves are often
created from animal tissue, most commonly bovine pericardium [5]. This type of open-heart
surgery is very invasive meaning that there are thousands of patients who are deemed “inoperable”
because they are too old for this extensive surgery [6]. A new option for heart valve replacements,
called transcatheter aortic valve replacement (TAVR), has become extremely popular in the last
ten years. This is a minimally invasive process in which the valve is replaced through the use of a
catheter. This has allowed many patients who were unable to undergo open heart surgery to receive
a new valve and therefore enjoy a higher quality of life. Although this procedure has helped
countless people, one of the main risks is having an ischemic stroke. It is estimated that
approximately 3% of patients who undergo TAVR have an ischemic stroke, which can be life
threatening or severely impact the patient’s future quality of life [7]. This is because the TAVR
2

procedure creates microemboli that can travel through the vasculature and become lodged in a
vessel in the brain, causing an ischemic stroke.

3

2

BACKGROUND

2.1
2.1.1

TAVR
TAVR Overview

Transcatheter aortic valve replacement (TAVR) is a minimally invasive procedure performed
using a catheter to replace a damaged or stenosed aortic heart valve by placing a new valve on top
of the existing valve [8]. When the new valve is placed, it pushes the old valve out of the way and
takes over the function of regulating blood flow [8]. This procedure is performed in order to treat
aortic stenosis, a condition in which the aortic valve narrows and restricts blood flow from the left
ventricle to the aorta. Aortic stenosis most commonly occurs as a product of aging, as calcium
deposition and scarring over one’s lifetime affects the valve and its ability to properly open and
close [4].
The most common approach to TAVR is the transfemoral approach which is performed by
creating a small incision in the patient’s upper leg and inserting the catheter into the femoral artery.
The catheter is snaked upstream through the vasculature with the help of a guidewire until it reaches
the aortic arch and can be positioned inside the damaged valve. The transfemoral approach is
illustrated in Figure 1.

Figure 1: Transfemoral Approach to a TAVR Procedure [9].
4

The delivery system is positioned in place over the diseased aortic valve, at which time the
new valve is expanded over the existing valve. This can be done through a balloon that is inflated
or through the self-expanding mechanism of the stent. The catheter can then be removed from the
body, allowing the new valve to function in the same manner as the original valve [10]. The steps
of a TAVR procedure are illustrated in Figure 2.

Figure 2: Steps of a TAVR procedure. A) Catheter and valve are position in
place over the old heart valve. B) The balloon is inflated which expands the
stent and valve and pushes the old valve to the side. C) The catheter and
balloon are removed leaving the new heart valve in place [11].

Before TAVR, aortic stenosis was fixed through open heart surgery where an incision in
the chest was made, the chest was cracked open, and a new valve was hand sewn into the heart.
Since TAVR is minimally invasive, this procedure usually involves a much quicker recovery time
and much less pain than traditional open-heart surgery. This procedure has quickly become a very
attractive option when compared to traditional surgery, since patients are drawn to the benefits of
a shorter recovery time and a minimally invasive process.

5

TAVR was first used in 2002 for patients who were considered at a high risk for surgery
[12]. High risk patients are usually older, since open heart surgery would be much more dangerous
for them than for a younger patient. The patient population for TAVR has now expanded from high
risk cases to include intermediate surgical risk patients as well. It has been projected that as time
progresses, the allowable patient population for TAVR will most likely expand to cover all cases
that require aortic valve treatment. One area of future concern in the inclusion of younger patients
is that it is unknown how long a TAVR heart valve lasts before it needs to be replaced again. There
is currently only data that shows that a TAVR heart valve can last for at least 5 years without any
degeneration [6]. It is difficult to obtain data for longer than 5 years since many of the patients who
have received it are older and pass away due to other causes after that time span. For open heart
surgery, the replacement valves have been shown to last for 15 to 20 years [13]. Although engineers
and physicians expect that TAVR valves can most likely withstand that same time frame, the data
to back up that theory does not yet exist. However, intermediate risk patients tend to be slightly
younger, and as more of them receive TAVR valves, longer term data on the survival of a TAVR
valve can be compiled and conclusions about whether to expand the patient population for TAVR
will be made [13].

2.1.2

Complications of TAVR
Although there are many benefits with the TAVR procedure, there are also complications

that can lead to serious problems or conditions. A few of these include vascular complications that
can require additional surgical repair in order to prevent life-threatening bleedings, renal failure,
paravalvular leak, and atrioventricular (AV) block [14]. The complication that is most relevant to
the research of this thesis is cerebral ischemia, also known as stroke. As stated before, it is estimated
that approximately 3% of TAVR patients suffer from a surgery related stroke [7]. Cerebral ischemia
occurs when there is not enough blood flow to the brain to meet metabolic demand. This leads to a
6

decrease in oxygen supply to the brain and can cause an ischemic stroke that could potentially lead
to a cerebral infarction. The damage caused to the brain happens very quickly; brain cells start to
die within seconds of being deprived of oxygen. Symptoms of cerebral ischemia include slurred
speech, weakness on one or both sides of the body, drooping of facial expression, and loss of
coordination. If this damage is not treated within four hours, permanent tissue death can occur,
causing these symptoms and others to be permanent, or possibly leading to death [15].
Stortecky et al. [16] reported a stroke in 3.6% of 389 TAVR patients. In addition, patients
who had undergone a stroke had an increased risk from of mortality after 30-day follow-up (42.3%
mortality in patients who had suffered a stroke versus 5.1% mortality in patients who had not).
Another clinical trial called the Placement of Aortic Transcatheter Valves (PARTNER) trial looked
at the rate of stroke incidence within 30 days post TAVR operation. Stroke occurred in 5.5% of the
high-risk group, 6.7% in the inoperable patient group, and 3.2% in a weight meta-analysis group
of 3,519 patients. Half of these neurovascular traumas occurred within 48 hours of the procedure,
leading to the belief that it was related to the surgery [7].
In the last ten years, TAVR has been performed in about 400,000 patients worldwide and
the number of patients receiving this treatment has been growing every year [17]. According to
Transcatheter Cardiovascular Therapeutics (TCT), the number of TAVR procedures performed
worldwide in 2015 was 71,000 [18]. In the US alone, 34,892 TAVR procedures were performed in
2016 [19]. Using the 3.2% chance of stroke found from the PARTNER trial, it can be estimated
that of those 34,892 surgeries, stroke most likely occurred in approximately 1,100 patients. The
percentage of patients who suffer from a TAVR-related stroke will increase as the use of TAVR
increases. It is estimated that by 2025, 289,000 patients worldwide will undergo a TAVR procedure
per year [18].
Stroke is a complication because the procedure creates an extensive amount of
microemboli which travel through the aortic arch and can then potentially travel through one of the
7

smaller branched vessels leading to the brain. If the embolism is large enough, it can become stuck
in a small vessel in the brain, therefore blocking the blood flow and cutting off the supply of oxygen,
causing the stroke. Microemboli are created by the procedure due to the large catheter size required
(≥ 18 French) and the numerous accessory guidewires that go along with it. All these devices
interact with the aortic wall and often scrape the sides of the vessel while being maneuvered,
breaking off debris in the process. It is also known that embolization occurs during balloon
valvuloplasty, transcatheter valve positioning, and implantation [20].
From a study performed by Mieghem at al. [20], 40 patients were monitored while
undergoing a TAVR procedure for severe aortic stenosis. The aim of the study was to report on the
histopathologic characteristics of the debris captured by a dual-filter cerebral embolic protection
device sitting over the brachiocephalic and left common carotid arteries. Embolic debris was
captured in 75% of the patients and varied in size from 0.15 to 3.0 mm. The debris found consisted
of amorphous calcified material, valve tissue composed of connective tissue (mostly collagen and
elastic fibers), collagenous tissue which can originate from the valve or vessel wall, and thrombotic
material mixed with neutrophils. Thrombotic material and valve tissue were both found equally in
52% of patients.

2.2

Aortic Arch and Valve Anatomy
The aortic valve is a semilunar valve comprised of three cusps, as seen Figure 3. It sits in

between the left ventricle and the aorta and plays an important role in regulating blood flow through
the heart.
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Figure 3: Anatomy of the Aortic Valve [21].

During diastole, the aortic valve is closed and prevents the backflow of blood into the left
ventricle. During systole, the heart contracts and the pressure in the ventricles builds up. Once the
pressure in the heart exceeds the pressure in the aorta, the aortic valves open and allow the blood
to be pumped through the valve [22]. If the valve is stenosed as seen in the bottom panel of Figure
3 above, it may not properly open or close, leading to serious problems such as regurgitation or
turbulent flow through the heart. This results in patients not receiving enough blood flow through
the systemic circulation, causing symptoms such as breathlessness, chest pain, fainting, and
palpitations under any mild exertion [4]. This condition also leads the heart to hypertrophy since it
is working harder in order to pump more blood to the body, and will most likely cause heart failure
[23].
The blood flows through the aortic valve into the aorta, which turns into the aortic arch.
This is a curved section of the aorta which looks like a half circle with three smaller vessels
branching off of the top curved section [See Figure 4].

9

Figure 4: Daughter Vessels of the Aortic Arch [24].

The three main vessels that bifurcate from the aorta are the brachiocephalic artery (also
known as the innominate), the left common carotid artery, and the left subclavian artery.
Downstream, the brachiocephalic then bifurcates into the right subclavian artery, which leads to
the right arm, and the right common carotid artery which leads to the cerebral circulatory system.
Slightly farther downstream, the right vertebral artery branches off of the right subclavian which
then also leads into the cerebral circulatory system. The left common carotid flows directly to the
cerebral circulatory system. The left subclavian artery also bifurcates into the left vertebral artery,
which leads to the cerebral circulatory system, and the left subclavian artery, which leads to the left
arm [25]. If any of the debris from the TAVR procedure travels into the four vessels leading into
the cerebral circulatory system, it has the potential to cause a stroke since the vessels of the cerebral
vasculature become very small in diameter and large emboli could become caught and impede
blood flow.

10

2.3

Factors Controlling Blood Flow Through the Arch
Blood flow through the arch is controlled by a variety of different factors. Blood pressure

and the geometry of the aortic arch are two main factors affecting blood flow.

2.3.1

Blood Pressure
Blood pressure is measured using two numbers: the systolic pressure and the diastolic

pressure. Systolic pressure corresponds to the pressure in the arteries during maximum contraction
in the heart. Diastolic pressure is measured when the heart is relaxing between beats and is filling
with blood. Average blood pressure in the heart is measured at 120 mmHg systolic, and 80 mmHg
diastolic. However, the blood pressure in the aorta varies over time and can be difficult to model,
especially for patients with aortic valve stenosis who are often hypertensive and therefore have an
elevated blood pressure [26]. From the diastolic pressure, the blood pressure rises linearly as blood
flows into the aorta. It reaches its systolic pressure during contraction, and then decreases at a
slower rate as blood flows out of the aorta [27]. An aortic pressure wave can be seen in Figure 5.

Figure 5: Pressure Waveform in the Aorta [26].

11

On average, one heartbeat takes 0.83 seconds [23]. However, this time can be increased or
decreased with aortic valve conditions, compliance of the artery, age, and disease. Age tends to
increase blood pressure, meaning that both the diastolic and systolic pressures increase, leading to
hypertension and other complications. There are many factors that directly impact the shape and
size of this aortic pressure curve. The three main factors that influence the blood pressure in the
arch are: total peripheral resistance, blood viscosity, and cardiac output [2].

2.3.1.1

Total Peripheral Resistance
Total peripheral resistance is controlled by the geometry of the person’s aorta and by the

degree of constriction of the vessel [23]. Constriction is controlled by the interplay between the
sympathetic and parasympathetic nervous systems. During a ‘flight of flight’ situation, the
sympathetic nervous system kicks into gear and constricts the blood vessels through a signaling
cascade with norepinephrine in order to pump blood more quickly through the body. Once the
person relaxes, the parasympathetic nervous system takes over and dilates the blood vessels back
to their original size through a signaling cascade involving acetylcholine [23].

2.3.1.2

Blood Viscosity
Blood viscosity is a measurement of the thickness of blood. The higher the viscosity, the

thicker the blood and therefore the lower the “flowability” of the blood. Viscosity increases with a
lower shear rate, which is an important factor for analysis during systole and diastole. During
diastole, there is very low shear, and therefore the blood can become 5 to 20 times more viscous as
during systole [28]. Temperature also has a significant effect on viscosity, with a higher
temperature leading to a lower viscosity. The viscosity of blood is not constant and can be modeled
through the Carreau shear thinning model which will be discussed later in Section 3.2.
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2.3.1.3

Cardiac Output
Cardiac output is the amount of blood pumped from the left ventricle in one minute. It is a

product of heart rate (in beats per minute) and stroke volume (in liters per beat), which is the volume
of blood ejected during each heartbeat. At rest, the heart rate is approximately 72 beats per minute,
and the stroke volume is 0.07 liters per beat, leading to a cardiac output of approximately 5
liters/min [23]. Cardiac output can increase with exercise and stress but is fairly constant during
rest.

2.3.2

Arch Geometry
Blood flow and blood pressure also depend on the geometry of a person’s aortic arch.

Although every aortic arch is comprised of the aorta as well as the three branched vessels, the size,
shape, and curvature of these vary greatly from person to person. This plays a huge role during
surgery, since the more curved the vessels, the more difficult the procedure becomes. Factors that
also have an impact on the geometry of the arch are age and sex of the person, amount of exercise,
and the workload the heart experiences [29]. The ascending aorta was found to be on average 33.2
± 4 mm, and the descending aorta was found to be 24.6 ± 3.0 mm from a study looking at CT scans
of 2,952 subjects and 1,931 subjects respectively [30].
As with the arch, the size and curvature of the three daughter vessels that branch off of the
arch vary greatly from person to person and play a significant role in the fluid flow through the
arch. The types of arches can be described in three ways: 1) by the aortic arch angle and a midluminar point of the ascending and descending aorta at the height of the bifurcation of the
pulmonary trunk in the parasagittal plane 2) by the angle between the horizontal plane and long
axis of the three arch segments and 3) by the distance between the origin of the brachiocephalic
artery and the top of the aortic arch [31]. In the third method, a Type I arch is classified as having
13

this distance be less than 1 diameter of the left common carotid artery, a Type II has between 1 and
2 diameters, and a Type III has greater than 2 diameters [31]. This can be seen in detail in Figure
6. The Type I arch is the most common. From a study analyzing aortic arch CT scans of 92 patients,
43% of patients had a Type I arch, 36% had a Type II arch, and 17% had a Type III arch. This study
found there to be no significant different between gender and arch types [31]. This shows that the
main difference between arches in gender is the diameter of the artery, and not the geometry.

Figure 6: Classified Types of Aortic Arches [31].

There are also three common morphologies relating to the branching of the daughter vessels. These
can be seen in Figure 7.
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Figure 7: Branching Types of Daughter Vessels [32].

The most common is seen in panel A, where all three vessels have separate origins on the
aortic arch. Panel B shows the second most common branching pattern, where the brachiocephalic
and the left common carotid have the same branching origin. Panel C shows the least common arch,
where the left common carotid branches off from the brachiocephalic artery. Panel D in the figure
below compares the three types of human branching patterns to a typical bovine arch [32].
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3

THEORY: METHODS FOR MODELING FLUID FLOW
Fluid flow through blood vessels can be modeled several different ways. There are many

tests that can be performed to more accurately quantify blood flow, such as phase contrast-magnetic
resonance imaging (PC-MRI) or Doppler ultrasound. A Doppler ultrasound uses high frequency
sound waves to analyze the flow rate through blood vessels. In addition to these methods, models
can also be applied to quantify blood flow. While these are not direct measurements on patients,
by knowing some variables, like blood viscosity, blood density, and lumen diameter, the unknown
variables can be calculated and modeled.

3.1

Laminar versus Creep Flow
Blood flow through the heart is classified as pulsatile laminar flow. Pulsatile flow oscillates

between low and high velocities due to the nature of the heart pumping [33]. However, as the blood
flows away from the heart, the type of flow changes as well. The velocity of the blood flow is
highest in the aorta, with some turbulent flow seen during peak systole. It slowly starts to decrease
through the smaller arteries, and then significantly decreases through the arterioles. Once it reaches
the capillaries, the flow is extremely slow and has changed from laminar flow to creep flow. The
blood flow increases as it enters the venules and veins, and then plateaus as it flows through the
venae cavae [23]. A schematic of this can be seen in Figure 8.
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Figure 8: Blood Flow and Pressure Through the Circulatory System [34].

Creep flow, also known as Stokes flow, is very slow and has a high viscosity. It has a small
Reynold’s number, typically less than 1, and therefore viscous stresses dominate over the advective
inertial forces. In the absence of a driving force, flow ceases immediately. Creep flow is modeled
by the Navier-Stokes equation with one side set to zero, giving equations 1 and 2.

̅ ∙ [−𝜌𝐼 ̿ + 𝜇(∇
̅𝑣̅ + (∇
̅𝑣̅ )𝑇 ] + 𝐹̅ = 0
∇

(1)

̅ ∙ 𝑣̅ = 0
𝜌∇

(2)
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̅, the del operator, is a vector differential operator, 𝐼 ̿ is the identity
In these equations, ∇
tensor, and 𝐹̅ is the force acting on the fluid. 𝜌, 𝜇, and 𝑣̅ , are the density, viscosity, and velocity of
the blood. While creep flow can be easier to implement in some finite element models due to its
simplification of the Navier-Stokes equation, it does not accurately represent the flow through the
aortic arch due to the higher velocity of the fluid flow. Under normal physiological conditions,
blood exhibits laminar flow, although turbulent flow can also develop under certain pathological
conditions such as atherosclerotic diseases [32]. Laminar flow is also based from the Navier-Stokes
equation; however, it is not simplified, giving equations 3 and 4.

𝜌

𝑑𝑣
̅)𝑣̅ = ∇
̅ ∙ [−𝜌𝐼 ̿ + 𝜇(∇
̅𝑣̅ + (∇
̅𝑣̅ )𝑇 ] + 𝐹̅
+ 𝜌(𝑣̅ ∙ ∇
𝑑𝑡

̅ ∙ 𝑣̅ = 0
𝜌∇

(3)

(4)

The equation for laminar flow is a nonlinear partial differential equation which is much more
accurate for flow through the aortic arch.

3.2

Carreau versus Newtonian Models
Blood is a shear-thinning, non-Newtonian fluid with a yield stress. This means that the

relationship between shear stress and the rate of deformation is not constant. The viscosity of the
fluid depends on the shear rate, where a lower shear rate leads to a higher viscosity, and inversely
the higher the shear rate, the lower the viscosity. The wall shear rate can be estimated by Equation
5.

𝛾𝑤̇ =

4 < 𝑣𝑧 >
𝑟

(5)
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In this equation, 𝛾̇𝑤 is the wall shear rate, 𝑣𝑧 is the velocity along the length of the tube
(or artery), and r is the radius of the artery. If the shear rate is greater than 150 Hz, the viscosity
can be assumed to be a constant [35].
There are a few different equations that have been developed to model the viscosity of
blood. The easiest of these is to assume that blood has a high shear rate and is therefore Newtonian.
A Newtonian fluid has a linear relationship between shear stress and the rate of strain, and therefore
the viscosity is constant in this relationship. In these models, the viscosity is often assumed to be
around 3.5 cP. Another model that is often used for blood flow is the Carreau-Yasuda model, which
does not model blood flow as Newtonian, but rather that the viscosity changes as a function of the
shear rate. This model is a decent predictor of viscosity at both fast and slow fluid velocities. This
model can be seen in Equation 6 below.

𝑛−1
2

𝜇 = 𝜇𝑖𝑛𝑓 + (𝜇0 − 𝑈𝑖𝑛𝑓 )[1 + (𝜆𝛾̇ )2 ]

(6)

In this equation, µinf is the Newtonian viscosity of blood, µ0 is the zero shear rate viscosity
of blood, 𝛾̇ is the shear rate, given by

𝑑𝑣𝑧
, and 𝜆
𝑑𝑥

and n are constants that are empirically determined.

For human blood, the parameters are the following: µinf = 0.0035 Pa*s, µ0= .056 Pa*s, 𝜆= 3.313 s
and n= 0.3568 [36]. In this thesis, the effect of Newtonian versus Carreau flow on embolic debris
distribution is investigated in order to see if there is a significant difference between the two models
in the aortic arch.
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3.3

Windkessel Model
Due to the nature of the pumping and relaxation cycle of the heart, the loading conditions

on the heart are not easily described. There are many models that attempt to represent the constantly
changing parameters of the heart, the most widely used of which is the Windkessel model. The
Windkessel model describes the relationship between the loads in the heart and the blood pressure
and blood flow in the aorta. It has long been known that the blood pressure in the arterial system
varies over the course of the heartbeat, and that the elasticity of large arteries also play a role in this
variation [37]. The model was originally founded by Frank [38] in the late 1800s who formulated
the two-element Windkessel model, consisting of a resistance element and a compliance element.
The model by Frank compared the arterial system to a closed hydraulic circuit consisting of a water
pump connected to a chamber, consisting of a canal, pump, chamber, and spout [See Figure 9].

Figure 9: Windkessel Model Comparison to Closed Hydraulic Circuit [37].

The pump represents the heart, as it pumps the water (blood) to the entire circuit (body).
The chamber represents the aorta. In the Windkessel model, as water is pumped into the chamber,
the air inside becomes compressed and wants to push the water out of the chamber and back to the
pump. This concept describes the arterial compliance of the aorta and simulates the elasticity and
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distensibility of the artery. The spout represents the flow of blood from the large aorta to the smaller
arteries and extending vasculature. Here, the flow encounters peripheral resistance since the vessel
diameters decrease the further from the aorta [39].
One of the basic assumptions of the Windkessel model is that blood vessels can store fluid,
which is seen by the chamber in the model. This leads to the following equation below:

𝑄𝑖𝑛 =

𝑑𝑉
+ 𝑄𝑜𝑢𝑡
𝑑𝑡

(7)

Q is the flow rate into and out of the blood vessel and V is the volume of stored blood. The vessel
is able to store blood due to its compliance, which allows it to elastically yield and stretch due to a
larger fluid pressure. This compliance can also be modeled as a capacitor [40].
The 2-element Windkessel model is the simplest of the Windkessel models. It follows
Poiseuille’s law which states that resistance is inversely proportional to flow in the arterial system
[39]. When assuming the flow of fluid from the chamber to the pump follows this law, and
assuming the ratio of air pressure to air volume in the chamber is constant, a differential equation
can be formulated relating water flow to pressure. The differential equation can be seen below in
Equation 8.

𝐼(𝑡) =

𝑃(𝑡)
𝑑𝑃(𝑡)
+𝐶
𝑅
𝑑𝑡

(8)

In this equation, I(t) represents the flow from the pump as a function of time, P(t) is the
pressure as a function of time, C is the compliance of the vessel, and R is the peripheral resistance.
This equation can be related to an electrical circuit with a resistor and capacitor in parallel with a
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voltage source, seen in Figure 10, where the current represents blood flow and the wires and
resistors model the blood vessels.

Figure 10: Hemodynamic versus electrical presentation of a 2-, 3-, and 4element Windkessel model [37].

During systole, the electrical circuit is solved normally. During diastole, the voltage source
is removed since there is no blood flow from the heart, and therefore, the circuit becomes open
forcing the capacitor to release its stored power. In this case, I(t) in equation 8 is equal to zero, and
the equation becomes an exponential decay that can be solved exactly for P(t):

𝑃(𝑡) = (𝑃𝑡𝑑 )𝑒 −

𝑡−𝑡𝑑
𝑅𝐶

(9)

In this new equation, td is the time at the start of diastole and P(td) is the pressure in the aorta at the
start of diastole.
Although this 2-element Windkessel model is a good start, it does not predict the systolic
relationship between flow rate and pressure very accurately. The 3-element Windkessel model fixes
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this problem by adding a resistor to the beginning of the circuit, as seen in Figure 10. The
differential equation for the 3-element Windkessel can be found to be:

(1 +

𝑅1
𝑑𝐼(𝑡) 𝑃(𝑡)
𝑑𝑃(𝑡)
) 𝐼(𝑡) + 𝐶𝑅1
=
+ 𝐶
𝑅2
𝑑𝑡
𝑅2
𝑑𝑡

(10)

R1 in this equation is the systemic peripheral resistance and R2 models the proximal
resistance of conducting arteries. However, one issue with the 3-element Windkessel model is that
it is not as accurate at low frequencies. The 4-element Windkessel model tries to bring the model
even closer to the measured pressure by adding an inductor in parallel to the first resistor. This
helps to increase the accuracy of the model at frequencies lower than 10 Hz. However, the
frequency in the aorta is much greater than 10 Hz, as discussed later in Section 7.1, and therefore
the 3-element Windkessel suffices to be used in this study.

3.4

Hagen-Poiseuille
The Hagen-Poiseuille equation describes the relationship between pressure, resistance of

flow, and flow rate, which is analogous to voltage, resistance, and current, respectively in Ohm’s
law for electrical circuits. The equation for Hagen-Poiseuille can be seen below in Equation 11,
however it can also be rearranged in order to solve for the pressure drop through a blood vessel.

𝑄=

𝜋𝑅 4
∗ ∆𝑃
8𝜇𝐿

(11)
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Q is the flow rate, R is the radius of the vessel, ∆𝑃 is the pressure drop, 𝜇 is the dynamic viscosity,
and L is the length of the vessel. Hagen-Poiseuille can be equivalated to Ohm’s law, where The
assumptions to use Hagen- Poiseuille are that the flow is laminar and Newtonian and occurs through
a straight rigid pipe. This equation is often used to calculated blood flow through arteries, since the
flow is high enough to where the blood can be assumed to be Newtonian for approximate
calculation purposes.

3.5

Calculating Fluid Pressure through Bends
There are significant pressure losses when fluid flows through non-straight segments, such

as a bent pipe or curved blood vessel. When fluid flows through a bend, a radial pressure gradient
is created because the fluid moves towards the outer wall during the bend and then moves toward
the inner wall right after the bend. This causes a pressure gradient near the outer wall in the bend,
and then near the inner wall right after the bend. There is also pressure loss due to the friction,
which results from the flow directional change. Therefore, the pressure loss through a bend is
characterized by Equation 12 below.

1
𝜋𝑅𝑏 𝜃
1
∆𝑃 = 𝑓𝑠 𝜌𝑢2
+ 𝑘𝑏 𝜌𝑢2
2
𝐷 180° 2

(12)

The first half of this equation represents the pressure loss due to the friction of the pipe and
the second half represent the pressure loss due to the change in flow direction. In this equation, 𝑓𝑠
is the Moody friction factor, 𝜌 is the density of the fluid, 𝑢 is the mean flow velocity, 𝑅𝑏 is the bend
radius, 𝐷 is the internal pipe diameter, 𝜃 is the bend angle, and 𝑘𝑏 is the bend loss coefficient. The
bend loss coefficient is a dimensionless number found from a chart which relates the radius of the
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bend, the internal diameter of the pipe, and the angle of the bend in order to determine the
coefficient.
The Moody friction factor is a dimensionless number that depends on the Reynolds number
and the surface roughness of the material of the tubing. The Moody diagram is used to find the
Moody friction factor and is divided into two regions for laminar and turbulent flow. For laminar
flow, surface roughness does not have a significant effect, and therefore the friction factor can be
calculated by Equation 13.

𝑓𝐷 =

64
𝑅𝑒

(13)

In this equation, Re is the Reynold’s number. The Reynold’s number is also a
dimensionless number that quantifies the ratio or inertial to viscous forces and gives an estimate of
the degree of laminar or turbulent flow. The Reynolds number equation can be seen in Equation 14
below.

𝑅𝑒 =

𝜌𝑣𝐷
𝜌

(14)

In this equation, 𝜌 is the fluid density, v is the mean velocity of the fluid, D is the inner
diameter of the pipe, and 𝜌 is the fluid dynamic viscosity. It is widely accepted that a fully
developed flow with a Reynold’s number less than 2100 is laminar flow, while greater than 2300
is considered turbulent flow. In between 2100 and 2300 is a transition phase called intermittent
flow, where laminar flow dominates in the center of the pipe and turbulent flow starts to take over
from the walls [35].
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4
4.1

NUMERICAL MODELING
COMSOL Multiphysics™
COMSOL Multiphysics™ is a finite element analysis (FEA) multiphysics software that

can be used to analyze a variety of systems involving electrical, structural mechanics, fluid
dynamics, and heat transfer, mass transfer, chemical reactions, and many more. In this thesis, the
computational fluid dynamics (CFD) as well as particle tracing modules were used to analyze fluid
flow and embolic debris distribution throughout the aortic arch.
Finite element analysis is a numerical scheme to approximate the solution to boundary
value problems. It does this by breaking down large, complex problems into very small elements
that can easily be individually solved. FEA uses shape functions in order to solve complex ordinary
or partial differential equations element by element. The governing equations come from the
physics that is simulated (e.g.: structural mechanics, fluid dynamics, etc.).
As previously stated, the finite element method works by breaking down the geometry of
the object into small subdomains made up of elements that are connected by nodes. These elements
vary in shape depending on the geometry of the object. Two of the most common element shapes
are quadrilaterals, which work best for common geometries such as beams or cubes, and triangular
elements, which are able to better conform to unusual geometries. Each of these elements have a
governing equation in their elemental domain that approximates the global governing equation.
After the equations for each of the elements are solved, the subdomains can be combined through
matching of the nodes in order to approximately solve the larger problem [41]. The size of the
elements is very important in FEA, since smaller elements allows for a more exact approximation
of the system geometry and the solution. However, smaller elements also increase the
computational time and cost of the simulation.
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4.1.1

Computational Fluid Dynamics
Computational Fluid Dynamics (CFD) can be used in simple and complex flow systems.

This physics module can model standard fluid flows as well as non-standard types of fluid flows,
including compressible, non-Newtonian, turbulent, nonisothermal, multi-phase, and porous media
flows. Fluid flow can be calculated in steady-state or time-dependent, as well as in 2D, 2D
axisymmetric, and 3D [42].
Computational fluid dynamics determines the behavior of a fluid flow using physics and
fluids laws. In this simulation, the CFD follows Newton’s laws of motion, in particular, the NavierStokes equation, previously discussed in Section 3.1. In order to solve the equation, numerical
modeling methods, such as iteratively solving the equation, are used to find the most approximate
solution to the equation [43]. Boundary conditions and constant values are used in order to set
parameters to the model. Some constant values include the density of the fluid, and for Newtonian
flow, the viscosity of the fluid. Boundary conditions must be imposed on the geometry where the
fluid enters or exits the system. Types of boundary conditions include pressure, velocity, and flow
rate. When dealing with CFD for blood flow through arteries and other blood vessels, there are
many factors that affect the fluid flow that are oftentimes not modeled due to the added complexity,
such as the distension of the arterial walls or the downstream resistance of the vasculature. These
factors can be approximated, or it must be stated in the analysis that they were assumed to be
negligible to the results.
In FEA, the accuracy of a CFD solution depends on the choice of elements, shape functions,
boundary conditions, and number of elements [43]. Since there are many factors that cannot be
fully account for, a CFD model of flow through the arterial systems will most likely not be
completely accurate; however, there are many factors that can be approximated to gain a better
understanding of the fluid interaction in the vasculature. Diseased states, such as atherosclerosis,
can be compared to a normal state to see the effect of different stages of disease on fluid flow and
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how this affects the progression of the disease. In this study, the CFD module is used to analyze
the distribution of embolic debris through the arch and how this could lead to an ischemic stroke.

4.1.2

Particle Tracing

In COMSOL Multiphysics™, the particle tracing module allows for the computation of the
trajectory of particles in a fluid as well as in gravity, acoustic, and electromagnetic fields. It can
also be used for analyzing particle-particle, fluid-particle, or particle-field interactions. This module
solves for the position and velocity of discrete particles over a period of time while following
Newton’s laws of motion. Multiple types of forces can be applied to the particles, or forces can be
applied from another simulation. One such type of force that can be applied is a drag force, which
is designed specifically for fluid flow analysis. This can be coupled with fluid analysis to more
accurately model particle movement. The movement of a particle in suspension to the background
velocity depends on the drag force. Drag will accelerate the particle until its velocity is equal to
that of the background fluid. The standard drag force applied in COMSOL follows the following
basic equation.
𝐹 = 𝑓(𝑣̅ − 𝑢̅)

(15)

In equation 15, F is the calculated drag force on the particles, 𝑢̅ is the velocity of the
particle, 𝑣̅ is the velocity of the fluid, and 𝑓 is a coefficient. There are a few other types of drag
models that can be applied that expand on this equation for different scenarios. One such model is
the Stokes drag force, which is used for particles moving through a fluid at a relatively low
velocities with laminar flow. This model is usually used with a Reynold’s number of much less
than 1. This model is based on the knowledge that viscous forces dominate during this type of flow.
Stokes follows the same format as Equation 15, but also adds in a factor that accounts for the
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particle’s velocity response with time. The Stoke’s drag law can be seen in Equations 16 and 17
below.

𝐹=

1
𝑚 (𝑢̅ − 𝑣̅ )
𝜏𝑝 𝑝

𝜏𝑝 =

𝜌𝑝 𝑑𝑝2
18𝜇

(16)

(17)

In equation 16, F is the calculated drag force on the particles, 𝑢̅ is the velocity of the particle, 𝑣̅ is
the velocity of the fluid, 𝜏𝑝 is the particle velocity response over time, and 𝑚𝑝 is the mass of the
particles. In equation 17, 𝜌𝑝 is the particle density, 𝑑𝑝 is the particle density, and 𝜇 is the fluid
viscosity [44]. As the Reynold’s number increases, Stoke’s drag starts to no longer accurately
model the force on the particle, since the inertia of the fluid becomes more important than the
viscous forces [45].
For a larger Reynold’s number, a Newtonian drag model is required to accurately model
the force on the particle. For Newtonian drag models, a drag coefficient, CD, is a dimensionless
number calculated based off of the Reynold’s number that quantifies the resistance of the particle
in the fluid. One model that is used for Newtonian flows is the Schiller-Naumann equation. This is
a common model used for drag forces in fluids, and works best for Reynold’s numbers greater than
1 and less than 1000. This model can be seen in Equations 18-21.

𝐹=

1
𝑚 (𝑢̅ − 𝑣̅ )
𝜏𝑝 𝑝

(18)

4𝜌𝑝 𝑑𝑝2
3𝜇𝐶𝐷 𝑅𝑒𝑟

(19)

𝜏𝑝 =
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𝐶𝐷 =

24
(1 + 0.15𝑅𝑒𝑟0.687 )
𝑅𝑒𝑟

(20)

𝜌||𝑢̅ − 𝑣̅ ||𝑑𝑝
𝜇

(21)

𝑅𝑒𝑟 =

These equations add in the drag coefficient, 𝐶𝐷 , which is modeled based on the relative
Reynolds number, 𝑅𝑒𝑟 . The relative Reynold’s number in this case in not constant, but rather
changes as the velocity of the particle changes. Although this is a standard model, the Reynold’s
number in the aorta fluctuates greatly throughout the cardiac pumping cycle, and therefore a
different drag model needed was needed to cover a larger range of Reynold’s numbers. This model
is called the Standard Drag Correlation. It is constructed of piece-wise continuous functions which
are appropriate over a much larger range of relative Reynolds numbers [46]. The only equation that
is different from the Schiller-Naumann equation is the drag coefficient calculation which can be
seen in Equation 22.

𝐶𝐷 = 𝑓(𝑅𝑒𝑟 )
(22)
In this case, the relative Reynolds number is multiplied by the piecewise functions, 𝑓, in order
to calculate the drag coefficient throughout the flow.
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5

METHODS

5.1
5.1.1

Model Types
CT Scan Model
The first model of the aortic arch used in this simulation was generated through a CT scan

that was supplied by Claret Medical in the form of a .stl file. It is classified as a Type I aortic arch,
since the distance between the origin of the brachiocephalic artery and the top of the arch is less
than 1 diameter of the left common carotid artery. It also has normal branching of the daughter
vessels since the brachiocephalic artery and the left common carotid artery have separate branching
origins. The original CT scan can be seen in Figure 11.

Figure 11: CT Scan of Type I Human Aortic Arch.
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Since the scan was received as a .stl file it had to be modified before importing into
COMSOL Multiphysics™. The first step was to smooth the model and cut off the coronary arteries
coming off of the bottom of the ascending aorta. This was performed through a software program
called MeshLab, an open source 3D mesh processing software system. This software is focused on
processing and editing large unstructured meshes. The mesh also needed to be simplified for the
file to be small enough to open in COMSOL. The mesh was simplified by reducing the number of
faces on the model. The model was first reduced from 61,543 faces to 1,000 faces. The model was
then opened in SOLIDWORKS in order to convert it from a .stl file to a SOLIDWORKS part file
that could be opened in COMSOL. The reduced model was able to be opened in both
SOLIDWORKS and COMSOL, but when performing computational fluid dynamics, COMSOL
was unable to solve the simulation due to the model having too many faces and memory on the
computer ran out. The model was then re-meshed in MeshLab and reduced to 750 faces. This was
small enough to be able to be run CFD on COMSOL. The reduced mesh model can be seen in
Figure 12.
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Figure 12: CT scan with reduced mesh to 750 faces.

As seen in Figure 12, this model is not as detailed as the original scan. When reducing the
mesh, there was a fine balance between having a small enough file sizeand keeping the original
geometry of the scan intact. If the mesh was reduced too much, then the results of the study would
not be as accurate. Reducing the model to 750 faces kept the original geometry intact as much as
possible while allowing fluid dynamics to be run within a reasonable time period.
The model was imported into COMSOL after being saved as a SolidWorks part file. A few
alterations had to be made in order for the simulation to be set up. The inlets and outlets for the
arteries had to be cut into a smooth plane for fluid to flow through it. This was done for the inlet at
the ascending aorta, and for the four outlets which were the descending aorta, the brachiocephalic
artery, left common carotid artery, and left subclavian artery. This was done using the geometry
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tab in COMSOL. A work plane was created parallel to each inlet/exit upon which a block was built.
The block was extruded towards the end of the vessel until it created a flat face.
When performing a mesh convergence study on this system, the model become very
computationally expensive with more degrees of freedom. Before the mesh could converge,
COMSOL was unable to solve the simulation due to the large file size and the model would crash.
Therefore, the only mesh that could be used for this model had very large element sizes and a lower
number of degrees of freedom, leading to results of questionable accuracy. This problem, along
with the fact that the model was very computationally time expensive to run, led to the decision to
create a SolidWorks model from the geometry of the CT scan and re-run the study on the created
CAD model.

5.1.2

SolidWorks Model
A 3D CAD model of the arch was created using SolidWorks. The dimensions for this arch

were measured from the CT scan of the arch. The purpose of this was to obtain a very smooth, yet
still dimensionally accurate aortic arch, which would significantly cut down the simulation time in
COMSOL and allow for a converged mesh. This model was created using a 3D sketch to outline
the basic curvature of the arch. Multiple planes were placed along the length of the arch arc, and
from there tapering cross sections using circles were created and lofted together. The three daughter
vessels were constructed in the same fashion. A downside of using a SolidWorks model is that the
cross section throughout the arch is perfectly circular, which does not hold true for the actual CT
scan. However, the efficiency of using this model was deemed to be greater than the drawback of
the circular cross-sectional area. A picture of the SolidWorks model can be seen below in Figure
13.
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Figure 13: SolidWorks model of the aortic arch.

5.2
5.2.1

Pressure Waveform
Windkessel Model
A MATLAB code generated by Howe [47] was used in order to simulate a 3-element

pressure and flow rate waveform using the Windkessel model. The code uses the differential
equations described in Section 3.3 and solves them for the pressure waveform in the aorta. The
code is split into two parts with two different equations: one for systole and one for diastole. He
uses Equations 9 and 10 from Section 3.3. The pressure waveform was generated assuming 72 beats
per minute, which is a normal resting heart rate for adults [23]. The model used the following
variables: 𝑅1 = 1.2 mmHg/cm3/s, 𝑅2 = 0.11 mmHg/cm3/s, C= 0.95 cm3/mmHg, 𝑃0 = 80 Torr. These
variables create a blood pressure of 150/80, which corresponds to a hypertensive state [48]. It was
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chosen to create a hypertensive state since hypertension is a side effect of aortic valve stenosis, and
often worsens with the progression of the valvular disease [26]. 𝑅1 corresponds to the systemic
peripheral resistance, 𝑅2 models the proximal resistance of conducting arteries, and C corresponds
to the systemic arterial compliance [47]. 𝑃0 is the initial pressure in the aorta at the start of systole.
The cardiac output per cycle was set to 69.44 cm3/cycle. This was calculated by dividing the
average cardiac output of an adult, 5 L/min, by the number of beats per minute, 72 bpm. The time
for one heart beat is 0.83 seconds, the first 0.32 seconds of which correspond to systole, and the
remaining time to diastole. The MATLAB code used for this simulation can be seen in Appendix
A. The blood pressure waveform output from MATLAB can be seen in Figure 14.

Figure 14: Blood pressure over one cardiac cycle predicted by a 3 element windkessel model.

In this waveform, it can be seen that starting from 80 mm mmHg, the blood pressure rises
as blood flows into the aorta and then reaches its peak value. The notch in the graph as the blood
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pressure is falling represents the aortic valve closing during transition from systole to diastole.
Here, the pressure falls at a slower rate over a slightly longer period of time.
The pressure waveform was divided into 100 timesteps, which were each 0.008 seconds
long. The pressure was outputted into an array at each timestep. After the simulation was run, the
array was saved into Excel and converted from Torr to Pascals.

5.3

Pressure Drop Through Arch
The pressure waveform generated by the Windkessel model is applied to the ascending

aorta inlet, the three daughter vessels, and the descending aorta outlet. In order to create a pressure
driven flow throughout the arch, the Windkessel model at each of the exits was multiplied by a
pressure drop coefficient. These pressure drop coefficients were obtained by running steady state
simulation with a constant mean arterial pressure of 110 mmHg at the inlet and calculated flow
rates at the exits. The percent pressure drops between the ascending aorta and each of the exits was
measured from this simulated model. The flow rates used for this model were calculated by dividing
the area of each daughter vessel by the area of the ascending aorta. This fraction was then multiplied
by the average aortic flow rate of 5 L/min [23]. The rest of the flow was assumed to pass into the
descending aorta. The pressure drop calculations were performed in this fashion because they
depend directly on the geometry of this model. In literature, the velocity and flow rates of the
daughter vessel vary greatly between patients and geometries and so calculating a pressure drop
dependent on the specific geometry of this aortic arch model was deemed necessary in order to
obtain reliable results. These calculations can be seen in Table I.
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Table I: Pressure Drop Coefficients
Artery
Descending
Aorta
Brachiocephalic
Left Common
Carotid
Left Subclavian

Ratio of Exit
Area to Inlet
Area

Flow Rate
Through Vessel
(mL/min)

Percent Pressure
Drop from
COMSOL

N/A

3354

99.2%

0.157

785

99.8%

0.038

190

99.6%

0.133

669

99.3%

This simulation was compared to literature to ensure that the velocity profile through the
aorta was relatively accurate to previous studies (discussed in Section 6.1.2). However, before this
method of calculating the pressure drop coefficients was performed, other methods of obtaining the
pressure drops were attempted. These calculations were either an over or underestimation, and
therefore led to an inaccurate velocity profile through the arch. These methods are discussed for
reference in the following sections.

5.3.1

Hagen-Poiseuille Calculation
The pressure drop through the arch was first calculated using the Hagen-Poiseuille

relationship (Equation 11) discussed in Section 3.4. For this equation, the lengths between the inlet
and each of the exits was measured using the SolidWorks measuring tool. The area of each of the
exits and inlets was measured using SolidWorks and then used to calculate the radius. For each of
the daughter vessels, two length measurements were made: one from the inlet to the start of where
the daughter vessel branches, and the second along the length of the daughter vessel. These
measurements can be seen in Figure 15.
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Figure 15: Length measurements along the aortic arch

In the figure above, the green dots represent the locations where the lengths were measured.
Two pressure drops were calculated for each of the daughter vessels using each length. For the first
pressure drop inside the arch, a flow rate of 5 L/min was used as well as the radius of the ascending
aorta which was 16.4 mm. The second pressure drop was calculated through the length of the
daughter vessel. The flow rates used for the daughter vessels were calculated as a percentage of the
cross-sectional area of the daughter vessel divided by the cross-sectional area of the ascending
aorta, multiplied by 5 L/min, the flow rate through the aorta. These two pressure drops were then
added together in order to obtain a total pressure drop for the daughter vessels. Only one total
pressure drop was calculated for the descending aorta, using the flow rate of 5 L/min through the
arch as well as the radius of the descending aorta.
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Table II: Hagen-Poiseuille Pressure Drop Calculations
Radius
(mm)

Flow Rate
(mL/min)

Length 1
(mm)

Length 2
(mm)

Pressure
Drop 1
(Pa)

Pressure
Drop 2
(Pa)

Total
Pressure
Drop
(Pa)

Descending
Aorta

11.9

5000

279

N/A

10.33

N/A

6.93

Brachiocephalic

6.5

785

101

28.8

1.04

1.88

2.92

Left Common
Carotid

3.24

190

113

27.3

1.16

7.35

8.51

Left Subclavian

4.4

669

128

29.3

1.31

7.76

9.07

Artery

These pressure drops were applied to each of the outlets and subtracted from the
Windkessel model at every timepoint. However, as seen in the table above, these pressure drops
are very small. One of the assumptions of Hagen-Poiseuille is that the fluid is flowing through a
straight, circular pipe. Since the aorta is very curved, the pressure drop would actually be greater
due to the radial pressure gradient that is created when fluid flows through bends. Therefore, when
running the model with the above pressure drops, the velocity profile through the arch was much
lower than had been found in literature and other options for pressure drop calculations were
investigated.

5.3.2

Bend Pressure Drop Calculation
The second pressure calculation performed was a combination of the bend loss equation

(Equation 12) and the Hagen-Poiseuille equation (Equation 11). For the bend loss equation, many
parameters needed to be calculated in order to obtain all the necessary components. First, the
Moody friction factor was calculated using the Reynolds number. The Reynolds number through
the aortic arch was calculated to be 645 using equation 14. The dynamic viscosity was set to .0035
Pa*s, which is the viscosity of blood at 37 ˚C, and the density was set to 1060 kg/m3 which is the
density of blood [35]. The mean velocity was set to 1.3 m/s which was taken from a study which
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analyzed blood flow through the heart for 23 patients ranging from 21 to 60 years using a cathetertip velocity probe [28].
The next step was to measure the bend radius and angle of bend for each of exit arteries.
This was also done in SolidWorks by drawing an arc onto the aortic arch and measuring the radius
and the angle. The measurements for each of the four exit arteries can be seen in Figure 16.

A

C

B

D

Figure 16: Measuring the bend radius and bend angle for each of the four exits. A) Descending
Aorta B) Brachiocephalic Artery C) Left Common Carotid Artery D) Left Subclavian Artery.
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The bend loss coefficient was found by dividing the radius of the bend by the internal
diameter of the pipe, and then corresponded with the correct bend angle on the bend loss chart in
order to find the coefficient. Once all of these parameters had been found, the total pressure drop
could be calculated. Each of the parameters and the calculated pressure drop can be seen in Table
III.
Table III: Bend Loss Pressure Drop Measurements and Calculations

Artery
Descending
Aorta
Brachiocephalic
Left Common
Carotid
Left Subclavian

Moody
Friction
Factor
(fs)

Radius of
Bend
(mm)

Internal
Diameter
(mm)

Angle of
Bend
(˚)

Bend Loss
Coefficient
(kb)

Pressure
Drop
(Pa)

.099

69.43

23.8

119.78

0.25

548.40

.099
.099

48.68

32.8

84.932

0.17

249.01

55.99

32.8

113.93

0.19

337.84

.099

52.29

32.8

105.27

0.18

301.82

For the straight sections of the aortic arch, the Hagen-Poiseuille equation was used to
calculate the pressure drop. There were 4 sections through which the vessels were not curved:
through the brachiocephalic artery, the left common carotid artery, the left subclavian artery, and
the last portion of the descending aorta. For this equation, the dynamic viscosity was set to .0035
Pa*s, which is the viscosity of blood at 37 ˚C [35]. The flow rates used for the daughter vessels
were the same as in the previous Hagen-Poiseuille equation. They were calculated as a percentage
of the cross-sectional area of the daughter vessel divided by the cross-sectional area of the
ascending aorta, multiplied by 5 L/min, the flow rate through the aorta. The area of each of the
exits were measured using SolidWorks and used to calculate the radius. Length measurements were
also done using the SolidWorks measuring tool. For the daughter vessel pressure drops, the length
used was measured from where the daughter vessels started to branch from the arch to where the
vessel was cut. These calculations can be seen in Table IV.
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Table IV: Hagen-Poiseuille Pressure Drop Measurements and Calculations
Artery
Descending
Aorta
Brachiocephalic
Left Common
Carotid
Left Subclavian

Radius
(mm)

Length
(mm)

Flow rate
(mL/s)

Pressure Drop
(Pa)

11.9

53.8

5000

1.99

6.5

28.8

785

1.88

3.2

27.3

190

7.35

4.4

29.3

669

7.76

The calculated pressure drops from the bend drop calculations and the Hagen-Poiseuille
calculations were added together to calculate to total pressure drop from the inlet of the ascending
aorta to each of the four exits. The total pressure drops used in the models can be seen in Table V.
Table V: Total Calculated Pressure Drop Throughout the Aortic Arch
Artery
Descending
Aorta
Brachiocephalic
Left Common
Carotid
Left Subclavian

Pressure Drop
(Pa)
550.39
250.89
345.19
309.58

These pressure drops were again applied to each of the outlets and subtracted from the
Windkessel model at every timepoint. However, this calculation was an overestimation of the
pressure drop and the resulting velocity profile was significantly higher than seen in literature. This
is because the bend loss equation is usually used for fabricated pipes that have a uniform geometry
and made with materials like concrete and steel, whereas the aorta is not.
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5.4

Model Development

The SolidWorks model was imported into COMSOL as one domain. Laminar flow was
applied to the entirety of the model with the pressure gradient to drive the flow. The simulation was
first run as steady state, meaning the Windkessel model was not used. The input pressure used was
the mean arterial pressure, which was found to be 110 mmHg. At each of the exits, the pressure
drop coefficient was multiplied by the mean arterial pressure in order to create the pressure gradient.
The fluid was modeled as incompressible with a density of 1060 kg/m3 which is the density of
human blood. In larger arteries, it can be assumed that the blood close to the artery wall moves at
the same speed as the wall [49]. Therefore, the walls of the aorta were given a no slip condition
meaning the velocity of the fluid at the wall is zero. The model was first run as Newtonian flow
with a constant dynamic viscosity of .0035 Pa*s (or 3.5 cP). After the Newtonian model was run,
the flow was given a non-constant viscosity, modeled by the Carreau-Yasuda model discussed
previously in Section 3.2. It was initially only run for fluid analysis until all the kinks in the model
were worked out. Then, the particle tracing model was added.
For particle tracing, 1000 particles were released at the beginning of the simulation. It was
decided to wait 1 second to release the particles in order for the velocity profile of the model to
settle. The walls of the aorta were set to bounce, which means that when a particle hit the wall, it
specularly reflected from the wall in the tangent plane so that particle momentum was conserved.
The incident angle and the reflect angle were the same with respect to the unit normal. The equation
used to model this condition can be seen in Equation 23 below.

𝑣̅ = 𝑣̅𝑐 − 2(𝑛̅ ∙ 𝑣̅𝑐 )𝑛̅

(23)
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In this equation, 𝑣̅ is the resulting particle velocity, 𝑣̅𝑐 is the particle velocity when striking
the wall, and 𝑛̅ is the unit normal. For each of the exits, a freeze boundary condition was set, where
the particle position and velocity fr0e when the particle contacted the exit boundary. This then
allowed particle statistics, such as position and energy to be analyzed after the simulation. The
standard drag correlation force discussed in Section 4.1.2 was applied to all particles in the model.
After the simulation was run, the transmission probability was obtained at each of the exits. The
transmission probability is the percentage of the 1000 particles that flowed to that exit.
After performing the fluid flow and particle tracing analysis on the steady state simulation,
the Windkessel pressure wave implemented. It was extended to simulate a heart beating for 13
seconds and was imported into COMSOL using an interpolation function. It was applied to the inlet
and the four outlets, with the corresponding pressure drop coefficient discussed in Section 5.3
multiplied at every timepoint of the function. The study was run as a time dependent study for 13
seconds both as a Newtonian flow and a Carreau flow. Then, the particle tracing module was added
in the same manner as in the stationary study, except for the particles were not released until 1
second into the simulation. This allowed the fluid velocity to settle before the particles were
released.

5.4.1

Mesh Development
A mesh convergence study was performed to determine how many degrees of freedom

were necessary for the model to converge to a result. The mesh convergence was performed on the
stationary model with Newtonian flow in order to decrease the computational time needed to
perform this study. The factor chosen to analyze convergence on was the average surface velocity
at the descending aorta. A plot of the degrees of freedom versus the average surface velocity can
be seen in Figure 17.
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Figure 17: Mesh convergence study analyzing the convergence of the average surface
velocity of the descending aorta.

In the figure above, it is seen that the mesh converges between 600,000 and 680,000
degrees of freedom. The mesh setting used was the “finer” fluid dynamics mesh setting in
COMSOL with an addition of four boundary layers in order to more deeply analyze the properties
at the walls of the arch. In total, the mesh contained 797,185 domain elements, 24,042 boundary
elements, and 840 edge elements. Of the domain elements, 709,405 were tetrahedrals, 1,910 were
pyramids, and 85,870 were prism elements. Since the geometry of the arch is very unusual, mostly
tetrahedral elements were used. When running the analysis, this mesh led to a total of 674,352
degrees of freedom. No distorted elements were present in the model.

5.5

Particle Parameters
For every simulation, 1000 particles were released and the transmission probability to each

of the four exit vessels was obtained. In order to represent the types of debris that is released during
a TAVR procedure, two particle parameters were analyzed in order to determine if they have an
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effect on the transmission probability. These two parameters are particle diameter and particle
density.

5.5.1

Particle Diameter

In the study done by Mieghem at al. [20] discussed previously in Section 2.1.2, it was seen
that different sizes of embolic debris had traveled to the brain. This study found that debris ranges
from 0.15 mm to 3 mm in size. The particle sizes chosen for the COMSOL model were: 0.15 mm,
0.25 mm, 0.5 mm, 1 mm, and 3 mm. These were chosen to cover the entire range of particle sizes
found from the study.

5.5.2

Particle Density
Particle density was also chosen from the study done by Mieghem at al. [20], where the

composition of the embolic debris was analyzed. The debris found was amorphous calcified
material, valve tissue composed of connective tissue (mostly collagen and elastic fibers),
collagenous tissue, and thrombotic material mixed with neutrophils. From these results, as well as
looking at the previous thesis study performed by Janicki [2], four different particle densities were
chosen. These are: 1.45 g/cm3, 1.22 g/cm3, 1.066 g/cm3, and 0.8 g/cm3. Calcified plaque has a
density of 1.45 g/cm3, and non-calcified plaque has a density of 1.22 g/cm3 [50]. 1.066 g/cm3 was
chosen based on the density of muscle and 0.8 g/cm3 was chosen as the lowest density [51].
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5.6

Studies
As mentioned previously, the model was first run as stationary with Newtonian flow. Every

combination of particle size and density was run with 1000 particles each, for a total of 20 total
combinations. This was done using the parametric sweep function in COMSOL, which allows each
of the parameters to be varied one at a time while only running one particle tracing study in total.
From these studies, the distribution of particle was analyzed to see which vessel was favored for
the particles to exit through, as well as see if there is a statistical difference in transmission
probability of particle size and diameter. The simulation was then run with the flow being modeled
by the Carreau-Yasuda model. These same simulations were run a second time as time dependent
simulations with the Windkessel model. This led to a total of 4 different models, each with the
same 20 combinations of particle parameters.
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6

RESULTS

6.1

Model Validation
In order to ensure that the conditions on the COMSOL model were correctly applied, two

types of model validations were performed. The first was a preliminary model of a straight cylinder,
which compared hand calculated values to CFD values, and the second was a fluid flow profile
comparison to literature values. These two validations are discussed in detail in the following
sections.

6.1.1

Initial Testing
A simple model of a straight cylinder was created and analyzed with fluid analysis in order

to validate COMSOL’s CFD module. The cylinder was the same approximate length from the
ascending aorta to the descending aorta, and the diameter was the same diameter as the exit of the
descending aorta. The length was set to 280 mm and the diameter was 24 mm. The Hagen-Poiseuille
equation (Equation 11) was used to calculate the expected pressure drop through this cylinder in
order to achieve an average velocity of 0.13 m/s. The calculated pressure drop of 7.07 Pascals was
placed between the inlet and outlet of the model cylinder. A stationary study was performed with
both Newtonian and Carreau flow using the same mesh settings found from the mesh convergence
study. The average velocity was simulated for blood flow through the straight cylinder. The results
can be seen in Table VI and the velocity profile through the cylinder can be seen in Figure 18.
Table VI: Straight Cylinder Model Comparison
Model Type
Hand Calculation
COMSOL CFD
Simulation
% Difference

Average Surface
Velocity (m/s)
0.13
0.126
3.1%
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Figure 18: Velocity profile for cylinder validation study

The COMSOL velocity profile is comparable to what was calculated by the HagenPoiseuille equation, with an error of 3.1%. This low error indicated that the physics for the fluid
analysis was correctly applied and simulated. Therefore, the fluid physics was able to be
implemented on the aortic arch model.

6.1.2

Fluid Profile Validation
After running the laminar flow module, the velocity profile throughout the arch was

analyzed in order to ensure that the loading conditions were correctly implemented. The model
chosen for this comparison was the time dependent Carreau model since it most closely models the
conditions in the aorta. First, the time average velocity at the surface of the ascending aorta was
compared to literature values. From literature, the range was seen to fall between 0.11 m/s and 0.13
m/s [52, 53]. From the simulation, the average velocity was 0.115 m/s which falls into the range
found from literature. Next, a comparison for flow rate between literature values and the COMSOL
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simulation at each of the inlets and exits was performed. Flow rate was used instead of the average
velocity because it varies less from person to person since it is multiplied by the cross-sectional
area of the vessel. Even so, the flow rate range of the daughter vessels as found in literature was
very large. The values can be seen in Table VII.
Table VII: Flow Rate Comparison to Literature Values
Vessel
Ascending Aorta
Descending Aorta
Brachiocephalic
Artery
Left Common Carotid
Artery
Left Subclavian
Artery

Simulation
(mL/min)
5529
4114

Literature Range
(mL/min) [54, 55]
4100 - 5578
3895 - 4100

822

742-745

212

175-566

716

604-821

For the most part, the flow rates agree with what was seen in literature. For the ascending
and descending aorta, the flow rates are within or very close to literature values. For the
brachiocephalic artery, the flow rate in the model was slightly higher than what was found. The
flow rate in the left common carotid artery was within the researched range, however the range
found was very large. The flow rate in the left subclavian artery was also within the range found.
One hypothesis for the greatly varying range for the left common carotid is that it can either branch
off of the aortic arch or off of the brachiocephalic. Not all of the articles discussed what types of
arches or branching patterns were used for their analyses, which is why the observes range could
be so large.

6.2

Fluid Flow
The laminar flow module was set up and run following the steps described in the methods

in Section 5.4. After running the simulation for the stationary studies, the average surface velocity
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at the ascending and descending aorta, as well as the three daughter vessels was measured. For the
time dependent studies, the surface velocity was measured every 0.5 seconds over 13 seconds and
time-averaged over all measurement points.
Table VIII: Time Average Surface Velocities at Each Anatomical Exit for All Models

Anatomy
Ascending Aorta
Descending
Aorta
Brachiocephalic
Left Common
Carotid
Left Subclavian

0.114

Time
Dependent
Newtonian
(m/s)
0.116

Time
Dependent
Carreau
(m/s)
0.115

0.156

0.153

0.156

0.154

0.109

0.104

0.107

0.103

0.111

0.107

0.111

0.107

0.199

0.196

0.201

0.196

Stationary
Newtonian
(m/s)

Stationary
Carreau
(m/s)

0.116

In the above table, it is seen that the velocities all seem to be very similar to each other.
For the ascending aorta, the percent difference between the time dependent Newtonian and time
dependent Carreau model is 0.86%. The percent different between the stationary Carreau and the
time dependent Carreau models is 0.87%. These are both very small percent differences. In order
to see the velocity profile throughout the entire arch, pictures of the velocity at the midplane were
taken for each of the models. The velocity profile at the midplane for the two steady state
simulations can be seen in Figure 19.
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A

B

Figure 19: Midplane velocity profile for stationary A) Newtonian Model B) Carreau Model

The two velocity profiles look very similar to each other, showing that the Carreau model
did not vastly change the fluid flow through the arch as had been expected. For the time dependent
studies, the velocity is pulsatile over time. A graph of the velocity over time which shows this
pulsatile nature for each of the inlets and exits of the Newtonian and Carreau models can be seen
in Figures 20 and 21.
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Average Surface Velocity Over Time For Newtonian Model
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Figure 20: Average Surface Velocity Over Time for Newtonian Model

Average Surface Velocity Over Time For Carreau Model
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Figure 21: Average Surface Velocity Over Time for Carreau Model
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In the figures above, it is seen that the velocity takes approximately 0.5 seconds before it
reaches its average value. For this reason, it was decided to release the particles after 1 second had
passed. In order to see the nature of the pulsatile flow, the models were analyzed at multiple time
periods throughout the 13 seconds. Figures 22 and 23 shows the midplane velocity profile of the
entire arch at a few time periods throughout the 13 second simulation for the Newtonian and
Carreau models respectively.

A

B

C

D

Figure 22: Midplane velocity profile for the time dependent Newtonian model at A) 0.5 seconds
B) 5.5 seconds C) 10 seconds D) 13 seconds
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A

C

B

D

Figure 23: Midplane velocity profile for the time dependent Carreau model at A) 0.5 seconds B)
5.5 seconds C) 10 seconds D) 13 seconds

In the images above, it is seen that the velocity profile throughout the entire arch is
pulsatile. In both Figure 22 and 23, the frame at 5.5 seconds has a higher velocity through the
descending aorta than the frame at 10 seconds.
In order to see the change in the magnitude of the velocity across the diameter of the arch,
line graphs were obtained through the ascending aorta, through the topmost section of the aorta,
and through the descending aorta. These can be seen below.
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B

A

C

Figure 24: Line graph of velocity across the diameter of the aortic arch for A) ascending aorta
B) topmost section of aorta C) descending aorta

For the ascending aorta, it can be seen that the maximum velocity is skewed towards the
inner curve of the arch. For the topmost section, the velocity does not follow a parabolic curve
profile, but rather reaches a maximum and then sharply decreases. For the descending aorta, the
velocity profile follows the expected velocity profile through a pipe, where the maximum velocity
is at the center, and parabolically decreases moving towards the sides.

The viscosity through the aortic arch was also visually analyzed to see the difference
between the Newtonian and Carreau models. Figure 25 shows the midplane viscosity for the two
model types.
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A

B

C

D

Figure 25: Midplane viscosity profiles for A) stationary Newtonian model B) stationary Carreau
model C) pulsatile Carreau model at 2s when velocity is at a maximum D) pulsatile Carreau
model at 6 s when velocity is at a minimum

In the panels above, the difference between the Newtonian and Carreau models can be
seen. The Newtonian model has a consant viscosity of .0035 Pa*s which is exactly as expected.
The pulsatile Newtonian model is not pictured in the figure above because it is identical to the
stationary Newtonian model. In the Carreau models, it can be seen that the viscosity is not constant
throughout the aortic arch and ranges from 0.0035 Pa*s along the walls to 0.03 Pa*s in the center,
a factor of 10 higher. The viscosity for the pulsatile Carreau model stays mostly the same over time,
however there are slight changes to the intensity of the viscosity, as seen by the side by side
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comparison in panels C and D at 2 seconds and 6 seconds. Surface measurements were taken at the
the inlet and at each outlet. These can be seen in Table IX.
Table IX: Surface Viscosity Measurements for the Stationary and Time Dependent Carreau
Models
Anatomy

Ascending Aorta
Descending Aorta
Brachiocephalic
Left Common Carotid
Left Subclavian

Newtonian
(Pa*s)

Stationary
Carreau (Pa*s)

Time Dependent
Carreau (Pa*s)

.0035

0.00887
0.00719
0.00738
0.00557
0.00528

0.00889
0.00717
0.00741
0.00558
0.00529

% Difference
between
Newtonian
and Carreau
154%
105%
112%
59%
51%

The two Carreau models are very similar to each other in terms of the surface viscosity
measurements at the ascending and descending aorta, with a percent difference of 0.2% between
the two models. The percent difference in viscosity of the Carreau model versues the stationary
model is seen in the rightmost column in Table IX. For the ascending aorta, descending aorta, and
brachiocephalic, the viscosity of the Carreau model is more than double the viscosity of the
Newtonian model.
In order to see the change in the magnitude of the viscosity across the diameter of the arch,
line graphs were obtained through the ascending aorta, through the topmost section of the aorta,
and through the descending aorta. These can be seen below at the maximum and minimum velocity.
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Figure 26: Line graph of velocity across the diameter of the aortic arch for A) ascending aorta at
the maximum velocity B) ascending aorta at the minimum velocity C) topmost section of aorta at
the maximum velocity D) topmost section of aorta at the minimum velocity E) descending aorta at
the maximum velocity F) descending aorta at the minimum velocity

The viscosity profiles for each of the three locations increase in magnitude, but not in shape
when comparing the two time points. The magnitude of the viscosity is higher at the minimum
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velocity than at the maximum velocity. The topmost section of the aorta follows a relatively
parabolic shape, however the ascending aorta and descending aorta locations do not.

6.3

Particle Distribution
The particle tracing module was run after the laminar flow module was run. After running,

a visual analysis was performed in order to ensure the particles seemed to be flowing through the
model according to the velocity profile. Panels of each size with a density of 1450 kg/m3 at the end
of the 13 second simulation with the time dependent Carreau model can be seen in Figure 27 below.
Panels of the other densities can be seen in Appendix F.
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Figure 27: Particle profiles for all particle sizes for the time dependent Carreau model with a
density of 1450 kg/m3 at 13 seconds for A) 0.15 mm B) 0.25 mm C) 0.5 mm D) 1 mm E) 3 mm

For particles sizes 0.15, 0.25, and 0.5 mm, the particle flow through the arch seemed to be
in accordance with the velocity flow with most of the particles exiting through one of the four exits,
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and only a few getting stuck on the vessel wall. For the 1 mm particle, some particles seemed to be
scraping along the sides of the vessel wall and coming to a complete halt instead of bouncing off
the wall as the boundary condition models. When looking at the 3 mm particles, a significantly
higher number of particles were coming to a complete halt at the wall. In order to more clearly see
the effect of the 3 mm particle phenomena, the transmission probability at each of the exits was
calculated with and without the 3 mm size. Table X shows these calculations, and Figure 28
represents these statistics graphically through a bar chart.
Table X: Transmission Probability for Time Dependent Carreau Model
Anatomy
Descending Aorta
Brachiocephalic
Artery
Left Common Carotid
Artery
Left Subclavian
Artery
Remain in Simulation

All Particle Sizes
(%)
35.0%
35.1%

All Particles Sizes
Except 3 mm
43.2%
36.3%

1.6%

1.5%

7.7%

7.0%

20.6%

12%

Transmission Probability

Transmission Probabilities With and Without 3 mm
Particle Size
50%
45%
40%
35%
30%
25%
20%
15%
10%
5%
0%
Descending
Aorta

Brachiocephalic Left Common Left Subclavian
Artery
Carotid Artery
Artery

All Particle Sizes

Remain in
Simulation

All Particles Sizes Except 3 mm

Figure 28: Bar graph of transmission probabilities with and without 3 mm particle size.
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As seen in the table and figure above, the results of the 3 mm particle size drastically affect
the results at the descending aorta and the particles remaining in the simulation. For the descending
aorta, there is a reduction in particle transmission by almost 15% when including the 3 mm particle
in the analysis. In addition, the particles remaining in the simulation is 20.6% which is very high.
For the remainder of the analysis, it was decided to remove the 3 mm particles from the calculations.
Discussion on why this phenomenon occurred and why it was decided to leave the particles out of
the calculations can be seen in Section 7.2.1.1.
The transmission probability to each of the exits of the model with the remaining particle
parameters combined was calculated to obtain an overall estimate of particle distribution through
the arch. This was performed for both the Newtonian and Carreau models. The transmission
probabilities for each vessel can be seen in Table XI and graphically in Figure 29.
Table XI: Overall Transmission Probability with Combined Parameters for Each Model Type

Anatomy
Descending
Aorta
Brachiocephalic
Artery
Left Common
Carotid Artery
Left Subclavian
Artery
Remain in
Simulation

Stationary
Carreau
Model (%)

Time
Dependent
Newtonian
Model (%)

44.5%

45.2%

43.7%

43.2%

34.6%

36.4%

34.6%

36.3%

1.3%

1.4%

1.4%

1.5%

6.3%

5.8%

5.8%

7.0%

13.3%

11.3%

11.3%

12%

Stationary
Newtonian
Model (%)

Time
Dependent
Carreau Model
(%)
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Transmission Probability Percentage

Comparison of Transmission Probabilities Between Model
Types
50%
45%
40%
35%
30%
25%
20%
15%
10%
5%
0%
Descending Aorta

Brachiocephalic
Artery

Left Common
Carotid Artery

Left Subclavian
Artery

Stationary Newtonian Model

Stationary Carreau Model

Time Dependent Newtonian Model

Time Dependent Carreau Model

Remain in
Simulation

Figure 29: Bar chart comparing transmission probability between model types.

It is seen in the table and figure above that the transmission probabilities for each of the
four models seem to be very similar when just looking at the numbers. Statistical analysis was then
performed in order to see if there was an effect of the Carreau model and the time dependence on
the transmission probability.

6.3.1

Statistical Analysis
The effects of the model types and particle parameter types were analyzed using a statistical

software called Minitab. An analysis of variance (ANOVA) was conducted at each of the exit
vessels in order to analyze the effect of the Carreau model, time dependent model, particle size,
and particle density. This was done by fitting a general linear model (GLM) with the vessel of
interest as the response and each of the four variables above as factors, as well as interactions up to
the 2nd order. The four factors were as follows:
•

Flow type with two levels: Newtonian and Carreau
65

•

Model Type with two levels: Stationary and Time Dependent

•

Particle density with four levels: 1450 kg/m3, 1220 kg/m3, 1066 kg/m3, and 800 kg/m3

•

Particle Size with four level levels: 0.15 mm, 0.25 mm, 0.5 mm, 1 mm
The output from the GLM shows whether any of the factors have a statistical effect on the

response of particle distribution. The purpose of running the model with 2nd order interactions was
to see whether one of the factors had an effect on the outcome of another factor. After running the
GLM, a Tukey’s comparison test was performed for the significant factors in order to see which
levels of the factor were significantly different from each other. This is a statistical test that is
usually used in conjunction with an ANOVA and finds which means are statistically different from
each other. The Tukey’s test work by calculating the Honest Significant Difference (HSD) between
each pair of means in the test using Equation 24 below.

𝐻𝑆𝐷 =

𝑀𝑖 −𝑀𝑗
√𝑀𝑆𝑤
𝑛ℎ

(24)

Mi and Mj are the means of interest. MSw is the mean square within and n is the sample
size of the treatment. The HSD value is then compared to a Tukey’s critical value table in order to
determine whether the difference in means is significant [56].
On the output of a Tukey’s test, means with the same letter next to them are considered not
to be statistically different, whereas means with different letters next to them are considered to be
statistically different. Interaction plots showing the relationship between the two factors were also
obtained for any of the significant interactions. A significance level of 0.05 was used for all
calculations. The analyses regarding the effects at each of the exit vessels can be seen in sections
6.3.1.1 – 6.3.1.4. The full statistical analysis for each of the models individually can be seen in
Appendix G.
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6.3.1.1

Descending Aorta Particle Analysis
For the descending aorta, the full ANOVA was run with all four factors and all 2nd order

interactions. After obtaining an initial output, the non-significant terms were removed from the
model and then re-run. For the final ANOVA, it was seen that Model Type, Particle Density, and
Particle Size were significant, all with p-values of less than 0.001 as well as the interactions between
Particle Size*Model Type, Particle Density*Particle Size, and Particle Size* Flow Type were
significant factors with p-values of <0.001, <0.001, and 0.002 respectively. However, flow type
was not seen to be a significant factor. Tukey’s tests were performed for particle density, particle
size, and model type and can be seen in Figures 30 - 32 below.

Figure 30: Tukey’s pairwise comparison test on particle density for the descending aorta.

For particle density, the Tukey’s test shows that densities of 800 and 1066 kg/m3 have the
highest transmission probability to the descending aorta. A density of 1220 kg/m3 is not
statistically different in mean transmission probability than 1066 kg/m3 but is significantly lower
than a density of 800 kg/m3. A density of 1450 kg/m3 has the lowest transmission probability in
exiting through the descending aorta.
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Figure 31: Tukey’s pairwise comparison test on particle size for the descending aorta.

The Tukey’s test for particle size shows that there is no statistical difference in the
transmission probability of particles sizes 0.15, 0.25, and 0.5 mm in exiting the arch through the
descending aorta. The 1 mm particle size has a statistically lower transmission probability.

Figure 32: Tukey’s pairwise comparison test on model type for the descending aorta.

The Tukey’s test for model type shows that the stationary model has a statistically higher
transmission probability of any particle size to descending aorta than the time dependent model.
The next step for analyzing the data was to obtain interaction plots for each of the
significant interactions. Figure 33 below shows the interaction between particle density and
particle size.

68

Figure 33: Interaction plot between particle size and particle density for the descending aorta.

The interaction plot for particle density and particle size upholds the conclusions from the
two Tukey’s test but goes a step farther to show that the density has similar effects of particle sizes
0.15 to 0.50 mm, however for a particle size of 1 mm, the lower the density, the higher the
transmission probability to the descending aorta.
Next, the interaction between Model Type and Particle size was analyzed and can be seen
in Figure 34 below.

Figure 34: Interaction plot between particle size and model type for the descending aorta.
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In the interaction plot, it can be seen that for particle sizes 0.15 to 0.50, the type of model
does not have a great effect on the transmission probability to the descending aorta. However, for
a particle size of 1 mm, the stationary model was a higher transmission probability than the time
dependent model. Finally, the interaction between flow type and particle size was analyzed and can
be seen in Figure 35 below.

Figure 35: Interaction plot between particle size and flow type for the descending aorta.

In the interaction plot, it can be seen that for particle sizes 0.15 to 0.50, the type of flow
does not have a great effect on the transmission probability to the descending aorta. However, for
a particle size of 1 mm, Carreau flow was a higher transmission probability than Newtonian flow.

6.3.1.2

Brachiocephalic Artery Particle Analysis
For the brachiocephalic artery, the full ANOVA was run with all four factors and all 2 nd

order interactions. After obtaining an initial output, model type and all of the interactions were
deemed to be non-significant terms and were removed from the model and then re-run. For the final
ANOVA, it was seen that Particle Density, Particle Size, and Flow Type were all significant factors
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with p-values of less than 0.012, <0.001, and <0.001 respectively. Model type was not seen to be a
significant factor. Tukey’s tests were performed for particle density, particle size, and flow type
and can be seen in Figures 36-38 below.

Figure 36: Tukey’s pairwise comparison test on particle density for the brachiocephalic artery.

For particle density, the Tukey’s test shows that densities of 800 and 1066, and 1220
kg/m3 have the highest transmission probability to the brachiocephalic artery. A density of 1450
kg/m3 is not statistically different in mean transmission probability than 1066 and 1220 kg/m3, but
is significantly lower than a density of 800 kg/m3.

Figure 37: Tukey’s pairwise comparison test on particle size for the brachiocephalic artery.
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For particle size, a 0.15 mm size has the highest transmission probability, 0.25 mm has
the second highest transmission probability, 0.5 mm has the third highest, and 1 mm has the
lowest.

Figure 38: Tukey’s pairwise comparison test on flow type for the brachiocephalic artery.

For flow type, the Carreau model has a statistically higher transmission probability of any
particle size to the brachiocephalic than the Newtonian model.

6.3.1.3

Left Common Carotid Artery Particle Analysis
For the left common carotid artery, the full ANOVA was run with all four factors and all

2nd order interactions. After obtaining an initial output, the non-significant terms were removed
from the model and then re-run. For the final ANOVA, it was seen that flow type and particle size
were seen to be significant factors, with p-values of less than 0.001. The interactions between
particle size*model type, and flow type* model type were also significant factors with p-values of
0.001 and 0.015 respectively. Model type by itself and particle density were not seen to be
significant factors. Tukey’s tests were performed for particle size and flow type and can be seen in
Figures 39 and 40 below.
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Figure 39: Tukey’s pairwise comparison test on particle size for the left common carotid artery.

For particle size, the 1 mm and 0.5 mm sizes were seen to have the highest transmission
probability to the left common carotid artery. Particle sizes 0.25 and 0.15 mm had a statistically
lower transmission probability to the left common carotid artery.

Figure 40: Tukey’s pairwise comparison test on particle size for the left common carotid artery.

For flow type, the Carreau model has a statistically higher transmission probability of any
particle size to the brachiocephalic than the Newtonian model. The next step for analyzing the data
was to obtain interaction plots for each of the significant interactions. Figure 41 below shows the
interaction between particle size and model type.
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Figure 41: Interaction plot between particle size and model type for the left common carotid
artery.

For particle sizes of 0.15 and 0.25 mm, the stationary model has a lower transmission
probability to the left common carotid than the time dependent model. However, for particle sizes
of 0.5 and 1 mm, the stationary model has a higher transmission probability than the time
dependent model. The transmission probabilities for all particle sizes in the time dependent model
are very similar to each other. Figure 42 below shows the interaction between flow type and
model type.
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Figure 42: Interaction plot between flow type and model type for the left common carotid artery.

For the interaction plot above, it is seen that by combining the Carreau model and time
dependent model, there is a higher transmission probability to the left common carotid artery than
any other combination of models.

6.3.1.4

Left Subclavian Artery Particle Analysis
For the left subclavian artery, the full ANOVA was run with all four factors and all 2 nd

order interactions. After obtaining an initial output, the non-significant terms were removed from
the model and then re-run. For the final ANOVA, it was seen that flow type, particle size, and
model type were seen to be significant factors with p-values of less than 0.001. The interaction
between flow type*model type was also seen as a significant factor with a p-value of less than
0.001. Particle density was not seen to be a significant factor. Tukey’s tests were performed for
particle size, flow type, and model type and can be seen in Figures 43 through 45 below.
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Figure 43: Tukey’s pairwise comparison test on particle size for the left subclavian artery.

For particle size, the 0.15 mm and 0.25 mm sizes were seen to have the highest transmission
probability to the left subclavian artery. Particle sizes 0.5 and 1 mm had a statistically lower
transmission probability.

Figure 44: Tukey’s pairwise comparison test on flow type for the left subclavian artery.

For flow type, the Carreau model has a statistically higher transmission probability of any
particle size to the brachiocephalic than the Newtonian model.
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Figure 45: Tukey’s pairwise comparison test on model type for the left subclavian artery.

For model type, the time dependent model has a statistically higher transmission
probability of any particle size to the left subclavian than the Stationary model. The next step for
analyzing the data was to obtain interaction plots for the significant interaction between flow type
and model type. Figure 46 below shows this interaction.

Figure 46: Interaction plot between flow type and model type for the left subclavian artery.

From the interaction plot above, it is seen that by combining the Carreau model and time
dependent model, there is a higher transmission probability to the left subclavian artery than any
other combination of models.
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6.3.2

Overall Distribution Summary
For the descending aorta and the brachiocephalic artery, the lower the particle density, the

higher the transmission probability. Particle density was not a significant factor for the left common
carotid or the left subclavian arteries. For particle size, it was seen that the smaller the particle size,
the higher the transmission probability to the descending aorta, the brachiocephalic, and left
subclavian, however the opposite pattern was seen with the left common carotid. For the left
common carotid and the left subclavian, the combination of the Carreau model and the time
dependent model led to a higher transmission probability. The Carreau model also led to a higher
transmission probability for the brachiocephalic. For the descending aorta, the Carreau model only
had a higher transmission probability for the 1 mm particle size.
The time dependent model has an effect on the 1 mm size particle, with the stationary
model having higher transmission probability than the time dependent model for that size only. The
same holds true for the flow type and 1 mm size, where Carreau flow has a higher transmission
probability than Newtonian flow, but only for the 1 mm particle size.

78

7

DISCUSSION

7.1

Velocity Discussion
The velocity profile throughout the aortic arch was seen to generally agree with values

found from literature studies. One surprising result from the four different flow models was the
small change in velocity between the Newtonian and Carreau models, and between the stationary
and time dependent models. The percent differences for the two models were 0.86% and 0.87%
respectively at the ascending aorta. It was thought that the use of the Carreau model would have a
more drastic change on the velocity profile due to the incorporation of the non-constant viscosity
model which is representative of the behavior of blood. As mentioned in Section 3.2, usually a
constant viscosity can be used for shear rates above 150 Hz [35]. Using Equation 5 and the results
from the model, the shear rate for this aortic arch model is between 32.5 and 75 Hz. These two
shear rates were calculated using the minimum and maximum velocities found for pulsatile flow.
Both rates are well below 150 Hz and therefore it is surprising that the Carreau model did not have
more of an effect on the velocity profile.
However, it was seen that the viscosity through the arch was different between the
Newtonian and Carreau models with the Carreau models having a higher average surface velocity
by more than a factor of two. Looking at the particle distribution statistics, it was seen that the
Carreau model did influence particle distribution.

7.1.1

Velocity Assumptions
In this study, it was assumed that the walls of the aorta are rigid. This is not actually the

case in the aorta as the walls are distensible. As blood is pumped through the aorta, the aorta slightly
swells and then relaxes in response to the pressure of the flow. It was also assumed that the flow
was completely laminar throughout the study. Although flow through the aorta is mostly laminar,
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turbulent flow is briefly seen during peak systole in healthy patients [57]. Having any type of valve
malfunction or heart disease increases the amount of turbulent flow seen. Therefore, the patients
who are undergoing a TAVR procedure have more turbulent flow during systole than healthy
patients. From the figures of the midplane velocity profiles (Figures 22 and 23 in Section 6.2), it is
seen that the flow is highest in the center of the artery and decreases as it moves radially outward.
This pattern would break down with turbulent flow and cause disturbances in the flow pattern since
vortexes of swirling flow would be seen.
In patients with heart disease, there is usually also some degree of atherosclerosis present,
which would narrow the vessels, therefore increasing blood pressure and blood velocity.
Atherosclerosis would also increase turbulent flow since the blockage would interrupt the normal
flow through the vessel. This can be seen below in Figure 47.

Figure 47: Development of Turbulent Flow due to Atherosclerosis [58].

It is seen that as the fluid flows through the narrower vessel due to the blockage, it becomes
turbulent because of the disruption from its normal pattern. The turbulent flow could dramatically
affect the velocity profile through the arch, and therefore the particle distribution. Future studies
could aim to incorporate atherosclerosis in the model and analyze the effect of this disease.
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7.2

Particle Discussion
Overall, particle distribution seemed to be split between the ascending aorta and the three

daughter vessels. From the time dependent Carreau model, 43.22% of particles followed the aortic
arch to exit through the descending aorta. The emboli that leave through the descending aorta
become distributed into the systemic circulation and pose no threat of traveling to the brain.
Summing the transmission probabilities for the three daughter vessels, it is seen that 44.8% of the
particles exited the aortic arch through either the brachiocephalic artery, the left common carotid
artery, or the left subclavian artery.
In order to understand what these statistics represent, it is important to keep the geometry
of the aorta and cerebral system in mind. As discussed in Section 2.2, the brachiocephalic artery
and the left subclavian artery do not lead directly into the cerebral circulatory system. The
brachiocephalic bifurcates twice: first into the right subclavian artery and the right common carotid
artery. Slightly downstream, the right vertebral artery branches off from the right subclavian. Only
the right common carotid and the right vertebral lead to the brain. The left subclavian artery also
does not lead to the brain, but rather the left vertebral branches off of it and leads to the brain. The
only artery leading directly from the aorta to the brain is the left common carotid. In order to analyze
what percentage of particles that flow into the three daughter aorta vessels actually lead into the
cerebral circulatory system the total must be reduced by 31.67% [1]. This reduction percentage was
taken from the study by Carr et al. [1] which analyzed embolic debris distribution to the cerebral
vasculature. From the time dependent Carreau model, the summed percentage of particles exiting
through the three daughter vessels is 44.8%. After applying the reduction factor, this would mean
the total percentage of particles of each size leading directly to the cerebral circulatory system is
according to this model is 30.61%. This 30.61% combines all of the particle sizes and parameters.
The next step in the translation of these statistics is to look at the dimensions of the cerebral
vasculature. Both the right and left common carotid arteries and the vertebral arteries lead into the
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Circle of Willis, which is a loop of arteries in the brain that supply blood to all of the surrounding
structures. A study which measured dimensions from vessels leading into and out of the Circle of
Willis from 100 cadavers found that, on average, the smallest vessel, the posterior communicating
artery, was 1.4 millimeters in diameter, and the largest vessel, the internal carotid artery was 4.2
millimeters in diameter [59]. These measurements were taken on the external diameter, meaning
the internal diameter is smaller than what is reported here. From the Circle of Willis, blood flows
to the surrounding brain structures where vessel diameter becomes even smaller. For many people
undergoing a form of heart failure, atherosclerosis is a symptom that often accompanies this.
Atherosclerosis is the buildup of plaque in the vessels, causing the vessels to narrow in size [23].
Atherosclerosis can happen in the daughter vessels as well as the cerebral vasculature, further
decreasing the diameter of the cerebral vessels as mentioned above.
The study performed by Carr et al. [1] found a similar trend for transmission probabilities
to three daughter vessels, for an average of 60% ±13% of all particles to the daughter vessels.
Although this number is higher than the one from this model, the large standard deviation from the
Carr et al. study shows the larger uncertainty. The Carr et al. study however does not report on the
transmission probability to each daughter vessel individually. A different study performed by [60]
analyzed the right-left propensity of cardiogenic embolisms and found that they were most closely
related to right sided lesions and infarcts. This is in agreement with the distribution found through
the daughter vessels, where the majority of the particles that traveled to the daughter vessels
traveled through the brachiocephalic which leads to the right side of the brain through the right
common carotid and right vertebral arteries.
The results from this study counteract against other studies of particle distribution at a
bifurcation. It has previously been seen that at a vessel bifurcation, a particle will follow along the
path of the wider diameter artery, especially with increasing particle diameter [61]. This implies
that the majority of the particles from this simulation should have flow into the descending aorta,
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however it was seen that the percentage of particles that flowed into the descending aorta versus
the three daughter vessels was approximately equal. The reason for this counteraction against
other bifurcation models is due to the curvature of the aorta. As emboli travel up the length of the
ascending aorta, the three daughter vessels branch off almost directly parallel to the path of the
ascending aorta, and therefore the particles may have an equal probability of traveling straight
upwards into the daughter vessels or following the velocity streamline into the descending aorta.
Another factor that supports the hypothesis that the geometry of the aorta is a main factor
in particle distribution through the aortic arch is that the transmission of particles to the four exiting
vessels was very different from the distribution of flow rate through those four vessels. In Table 1
in Section 5.3 of the methods, the flow rates through the exit vessels were calculated and compared
to literature. It was seen that 67.1% of the flow through the ascending aorta flows into the
descending aorta, however only 43.2% of particles followed this path showing a significant
decrease in comparison to the flow rate. Inversely, the flow rate through the flow rate through the
brachiocephalic was 15.7% of the ascending aorta, but the particle transmission probability was
36.3%, showing a significant increase. There was not as significant of a difference for the other
two daughter vessels. For the left common carotid, the flow rate was 3.8% versus a transmission
probability of 1.5%, and the left subclavian had a flow rate of 13.3% and a transmission probability
of 7%. These two may not be as drastic in their differences because they are located farther
downstream on the arch and many of the particles already traveled into the brachiocephalic artery.

7.2.1

Parameters
When looking at the difference between the stationary and time dependent models, it was

seen that there was an effect on particle transmission between the two model types. For the
descending aorta and left common carotid, the stationary model had a higher transmission
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probability than the time dependent model. However, for the left subclavian artery, the time
dependent model had a higher transmission probability. For the brachiocephalic, this parameter had
no effect. For analyzing the Newtonian versus Carreau models, the Carreau model had on average
a higher transmission probability compared to the Newtonian model. This is due to a greater
number of particles remaining in the simulation with the Newtonian model versus the Carreau
model, resulting in the Carreau model transmitting more particles through the aortic arch. From
looking at the stationary versus time dependent models, as well as the Newtonian versus Carreau
models, there is an effect of using the time dependent and Carreau models.
For analyzing particle size, it was seen that the smaller the particle size, the higher the
transmission probability to the descending aorta, the brachiocephalic, and left subclavian; however,
the opposite pattern was seen with the left common carotid. It was also found that the larger the
particle size, the more likely the particle was to remain in the simulation. Potential reasons for this
are discussed in the next section, Section 7.2.1.1. Particle density was only a significant factor for
the descending aorta and the brachiocephalic artery. For both vessels, the lower the particle density,
the higher the transmission probability. This could be due to the finding that higher density particles
are more likely to be caught in the simulation than lower density particles.

7.2.1.1

3 mm Particle Phenomena
As seen in Figure 25 of Section 6.3, the 3 mm size particles were coming to a complete

halt against the sides of the aorta wall. The no slip boundary condition at the wall means that the
fluid velocity at the wall is the same as the velocity of the wall of 0 m/s. Any particles that stop at
the wall would then adopt the velocity of 0 m/s and come to a complete halt. The best explanation
for this is that larger particles have a larger inertia and are leaving the velocity streamline of the
model and instead follow the initial velocity trajectory they started with, which is the velocity at
the ascending aorta at the second of release. This would cause them to hit and then slide upwards
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against the walls of the aorta instead of moving down the middle of the vessel with the smaller
size particles. This hypothesis is supported by the fact that with every increase in particle size, the
number of particles remaining in the simulation increases. As the particle size increases, the
inertia increases as well so the particles have an easier time leaving their predetermined velocity
streamline.

7.2.2

Particle Assumptions
For implementation of the particle tracing module, some assumptions were made. It was

assumed that an individual embolus does not alter blood flow in any way. This is a reasonable
assumption for small particles due to their size, however this breaks down for larger particles that
take up more volume. This may also be part of the behavior of the 3 mm particles, since the volume
of the 3 mm particle is 8000 times greater than the volume of the 0.15 mm particle, which is due to
the volume of a sphere equation having a radius cubed term. It was also assumed that there was no
energy lost or transferred when the particles made contact with the wall since they bounce off the
wall at the tangent angle while keeping the same velocity. This is not the case in the aorta as some
of the energy of the particle would be absorbed by the wall. Particles were given no mass and there
was no particle to particle interaction, meaning that if two particles were on the same trajectory and
collided, they would merely pass through each other instead of colliding. Having this as an
assumption was what allowed the release and analysis of 1000 particles at a time, and therefore a
very large sample size for statistical analysis. Realistically, 1000 pieces of embolic debris would
not be released all at one time during a TAVR procedure, as this would be catastrophic for the
patient. However, during the procedure there could be multiple particles released at a time and
therefore some degree of particle to particle interaction. This interaction could knock particles off
of their streamline and send them to a different endpoint than expected.
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The shapes of the particles were all completely spherical. This is also not realistic during
an actual surgery as most embolic debris would not be perfectly spherical. A non-spherical shape
would change the emboli’s moment of inertia. If the embolus is small enough, it likely would not
lead to any difference from the simulated particle results, but with a larger embolus, there could
potentially be a change in trajectory.

7.3

Overall Limitations
A limitation of this study is that these results are only applicable to Type I arches with

normal branching of daughter vessels. With different spacing and location of the daughter branches,
the particles will most likely have a different distribution since the geometry of the aortic arch and
branching of the daughter vessels plays a significant role. Although it is probably relatively similar,
more studies would need to be performed in order to see how the geometry changes affect the
particle distribution throughout the aortic arch. Another limitation is that some of the particles
remained in the model. If all the particles left the model, a more accurate distribution profile could
have been obtained. This could be due to how the particles were modeled, and other methods to set
up the particle tracing study could be investigated.

7.4

Future Directions
The next step with this study would be to analyze the full aortic arch model including the

vessel bifurcations that lead to the brain. This would allow a more accurate analysis of emboli that
actually travel to the cerebral system. Another interesting study would be to analyze different types
of arches or branching patterns. The one modeled in this study is the most common arch type and
branch pattern, but not all patients fall under this category. Since a SolidWorks model of the aortic
arch is now available, it would feasible to change this model to represent these other types of aortic
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arches. Including other aspects of the diseased state of aortic stenosis, such as atherosclerosis in the
arteries would be of interest in a future study, since this would be applicable to patients undergoing
a TAVR procedure as well.
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8

CONCLUSION

The purpose of this thesis was to investigate three main goals:
1) Expand upon previous work in order to provide more accurate physics
2) Report on embolic debris distribution through the aortic arch
3) Draw conclusions about which physical parameters affect particle distribution
For the first goal, it was seen that by implementing a more accurate physics through the
use of a smoothed SolidWorks aorta model, the full Navier-Stokes equation, a pulsatile pressure
driven flow, and a non-constant viscosity model, that the fluid flow profile throughout the aortic
arch resembled flow profiles found from literature. Therefore, the first aim of this thesis was
achieved and confidence in the precision of the model was obtained. Surprisingly, the use of the
Carreau model instead of the Newtonian model did not affect the velocity as much as was expected,
however it did more than double the value of the viscosity throughout the model, leading to an
effect on emboli transmission. For future studies, the addition of the Carreau model is
recommended since the viscosity has an effect on how the emboli flow through the aortic arch. The
average velocities for the stationary and time dependent models were relatively similar, but the
incorporation of the time dependent model is recommended since this model leads to pulsatile flow
which is much more representative of flow through the aorta than a constant velocity.
For the second goal, the transmission probability at each exit vessel was obtained. It was
seen that 43.22% of embolic debris flows through the descending aorta and has no chance of
causing an ischemic stroke. However, 44.8% of emboli flow into the three daughter vessels, and
ultimately 30.61% of emboli flow into the cerebral vasculature and have the potential to cause a
stroke if the embolus is larger than the diameter of the cerebral vasculature.
The third part of this thesis was to analyze emboli size and density to see if these two
physical parameters affect the distribution through the arch. For size, smaller diameter emboli were
88

more likely to travel to the descending aorta, the brachiocephalic artery, and the left subclavian
artery, and the opposite pattern was seen with the left common carotid artery. Emboli density was
only a significant factor for the descending aorta and the brachiocephalic artery, where a lower
density had a higher transmission probability.
The current COMSOL simulation allows for an overview of embolic debris transmission
throughout the aortic arch, and alerts patients, physicians, and medical device engineers that there
is a possibility of an ischemic event due to a TAVR procedure if debris is released during the
surgery. The model fulfills the three goals that were set out to investigate and provides a basis for
future investigations into the etiology of a TAVR related ischemic stroke.
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10 APPENDICES
10.1 Appendix A: Windkessel Model MATLAB code

Windkessel.m file code
%Garry Howe
%modified by Jessica Wirth
clear
BPM=72; %Heart rate in BPM
T=60/BPM; %sec per beat
h=2/5*T; %time heart values are open
timesteps=100;
t=0:T/timesteps:T; %time parameter
M=69.44; %Output per cycle cm^3 (modified for each pressure setting)
length_of_t=length(t);
model_type=1; %# of elements
system_type=1; %Region of body
switch model_type

case 1
switch system_type
case 1 %FOR SYSTEMIC 3 ELE
R= 1.2;
R0=.11;
C=.95;
p0=80; %torr (modified for each pressure setting plus 5 torr)
L=0;

end

case 2
switch system_type
case 1 %FOR SYSTEMIC 4 ELE
R=1;
R0=.05;
C=.9;
p0=75; %torr (modified for each pressure setting)
L=0.004;
end
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end

Q=sin(pi*rem(t,T)/h).*(t<h);
Q0=-M/trapz(Q,t);
dQ=pi/h*Q0*cos(pi*rem(t,T)/h).*(t<=h);

time=t;
save QAMP T h R C Q0 R0 L;
figure(1)
plot(t,Q0.*Q);
title('Systemic Flow Rate Over One Cardiac Cycle')
xlabel('t [sec]')
ylabel('Total Output Q(t) [mL/s]')

%solve the DE
[~,y]=ode45('WindkesseL_DE',[0,h],p0);

%Find the pressure at the end of systole/beginning of diastole:
endsysP=y(max(find(y~=0)));

%Add the exponetial decay for diastole:
y(length_of_t)=0;
t=0:T/timesteps:T;
y=y'+(t>h).*endsysP.*exp(-(t-h)/(R*C));

%Plot the resultant pressure
figure(2)
plot(t,y)
title(['Blood Pressure Over One Cardiac Cycle Predicted by a ',num2str(model_type),' Element
Windkessel Model'])
xlabel('t [sec]')
ylabel('Pressure [mmHg]')
a = [t; y];

Windkessel_DE.m file code
function dydt = WindkesseL_DE(t,y)

load QAMP;
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Q=Q0*sin(pi*rem(t,T)/h)*(t<=h);

dQ=pi/h*Q0*cos(pi*rem(t,T)/h).*(t<=h);
d2Q=-pi/h*pi/h*Q0*sin(pi*rem(t,T)/h).*(t<=h);

dydt = 1/C*((1+R0/R)*Q+(C*R0+L/R)*dQ+L*C*d2Q-1/R*y); %Evalute ODE at time t

end
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10.2 Appendix B: Mesh Convergence Study Data

Table of degrees of freedom versus the surface velocity at each of the five inlet/exits
Degrees
of
Freedom
12188
22300
37056
66896
151092
180556
235280
588016
674352

Ascending
Aorta
(m/s)
0.071875
0.073594
0.075034
0.081364
0.092274
0.093281
0.100413
0.114984
0.116465

Descending
Aorta (m/s)
0.0992708
0.09814358
0.10546256
0.10912822
0.12371963
0.12504546
0.13412938
0.15358497
0.15566457

Left Common
Brachiocephalic Carotid
Artery (m/s)
Artery (m/s)
0.051487
0.084291
0.055796
0.077249
0.065117
0.077612
0.071905
0.084473
0.082444
0.091061
0.08416
0.090634
0.091219
0.098718
0.106869
0.110487
0.108579
0.111035

Left
Subclavian
Artery (m/s)
0.14257
0.1472
0.153409
0.162241
0.173599
0.174794
0.18212
0.197207
0.198833
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10.3 Appendix C: Raw Data for Velocity Studies
Stationary Studies
Model
Type
Newtonian
Carreau

Ascending
Aorta
(m/s)
0.116465
0.113965

Descending
Aorta (m/s)
0.155665
0.152925

Brachiocephalic
Artery (m/s)
0.108579
0.103922

Left Common
Carotid Artery
(m/s)
0.111035
0.106662

Left
Subclavian
Artery (m/s)
0.198833
0.195618

Time Dependent Newtonian

Time
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
9.5
10
10.5
11
11.5
12
12.5
13

Ascending
Aorta
(m/s)
7.21E-06
0.094601372
0.09650219
0.099130051
0.106763385
0.095213192
0.107644665
0.098778074
0.100523077
0.109257189
0.094777022
0.107228475
0.094620267
0.101673712
0.105403458
0.097795839
0.104694318
0.093315858
0.102493977
0.103976489
0.096714514
0.108756818
0.095527362
0.103938642
0.103502678
0.099112657
0.107689089

Descending
Aorta (m/s)
8.30E-06
0.130931894
0.129092569
0.133292228
0.143121494
0.126916041
0.144626731
0.131834339
0.134397336
0.146271318
0.126485418
0.143941025
0.126201129
0.135860914
0.141062878
0.130761815
0.140779523
0.124400114
0.137298903
0.139159496
0.129036677
0.145905707
0.127265202
0.139098853
0.138343054
0.132985923
0.144782161

Left Common
Brachiocephalic Carotid Artery
Artery (m/s)
(m/s)
5.55E-06
1.14E-05
0.068513
0.090142
0.085255
0.094464
0.096659
0.095175
0.092298
0.105576
0.090422
0.091713
0.099626
0.103414
0.087546
0.097149
0.096207
0.095798
0.089873
0.110093
0.091252
0.090775
0.096995
0.104103
0.087294
0.091741
0.096243
0.097162
0.09132
0.104393
0.092867
0.093559
0.0934
0.101933
0.086107
0.090481
0.097587
0.098047
0.089615
0.10313
0.092957
0.092805
0.095389
0.10684
0.088009
0.092475
0.098821
0.099661
0.088534
0.10306
0.09689
0.094197
0.09539
0.104597

Left
Subclavian
Artery (m/s)
4.72E-05
0.177108
0.179182
0.160182
0.199968
0.167149
0.186515
0.184834
0.172467
0.215008
0.162803
0.191013
0.170852
0.176584
0.198504
0.16898
0.187393
0.169056
0.17475
0.196778
0.167555
0.200292
0.173727
0.1798
0.19852
0.162606
0.194434

Time Dependent Carreau:
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Time
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
9.5
10
10.5
11
11.5
12
12.5
13

Ascending
Left Common
Left
Aorta
Descending
Brachiocephalic Carotid Artery
Subclavian
(m/s)
Aorta (m/s)
Artery (m/s)
(m/s)
Artery (m/s)
0.0000
0.0000
0.0000
0.0000
0.0000
0.1007
0.1417
0.0651
0.0918
0.1853
0.1105
0.1487
0.0928
0.1046
0.2014
0.1129
0.1510
0.1062
0.1020
0.1822
0.1262
0.1695
0.1069
0.1222
0.2313
0.1102
0.1480
0.1103
0.0975
0.1695
0.1194
0.1604
0.1099
0.1097
0.1983
0.1141
0.1528
0.1018
0.1080
0.2015
0.1140
0.1535
0.1078
0.1057
0.1876
0.1240
0.1667
0.1028
0.1223
0.2381
0.1082
0.1449
0.1054
0.0999
0.1764
0.1202
0.1618
0.1107
0.1120
0.1990
0.1005
0.1350
0.0979
0.0938
0.1667
0.1173
0.1581
0.1110
0.1078
0.1930
0.1181
0.1584
0.1011
0.1132
0.2165
0.1082
0.1446
0.1036
0.0991
0.1780
0.1200
0.1624
0.1088
0.1133
0.2050
0.1034
0.1382
0.0968
0.0956
0.1758
0.1151
0.1546
0.1079
0.1064
0.1912
0.1211
0.1624
0.1031
0.1169
0.2221
0.1108
0.1483
0.1066
0.1012
0.1799
0.1220
0.1642
0.1082
0.1144
0.2097
0.1087
0.1453
0.1007
0.1010
0.1850
0.1111
0.1498
0.1009
0.1048
0.1931
0.1260
0.1686
0.1101
0.1189
0.2207
0.1169
0.1566
0.1100
0.1082
0.1943
0.1198
0.1619
0.0990
0.1185
0.2037
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10.4 Appendix D: Velocity Profiles

Velocity profiles for time dependent models for all 13 seconds
Newtonian Model

101

102

103

104

105

106

Carreau Model

107

108

109

110

111

112
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10.5 Appendix E: Raw Particle Data
Stationary Newtonian Transmission Probability

Density
(kg/m3)
1450
1450
1450
1450
1450
1220
1220
1220
1220
1220
1066
1066
1066
1066
1066
800
800
800
800
800

Particle
Size
(mm)
0.15
0.25
0.5
1
3
0.15
0.25
0.5
1
3
0.15
0.25
0.5
1
3
0.15
0.25
0.5
1
3

Descending
Aorta
46.1%
46.0%
45.2%
36.0%
2.1%
46.2%
46.2%
45.4%
40.4%
1.8%
46.2%
46.0%
45.7%
41.5%
2.4%
46.1%
46.3%
45.7%
43.0%
2.6%

Left
Common
Brachiocephalic Carotid
Artery
Artery
35.6%
1.1%
35.0%
1.2%
34.6%
1.6%
32.3%
1.3%
33.5%
1.5%
35.8%
1.1%
35.2%
1.2%
34.7%
1.5%
33.1%
1.4%
29.9%
2.5%
35.7%
1.1%
35.1%
1.2%
34.7%
1.4%
32.8%
1.4%
29.3%
2.6%
35.6%
1.1%
35.5%
1.1%
34.7%
1.4%
33.1%
1.5%
23.2%
1.8%

Left
Subclavian
Artery
In Arch
6.5%
10.6%
6.5%
11.2%
6.4%
12.1%
5.7%
24.7%
10.5%
52.4%
6.5%
10.3%
6.5%
10.8%
6.4%
11.9%
5.7%
19.4%
9.9%
55.9%
6.5%
10.4%
6.5%
11.1%
6.5%
11.6%
5.6%
18.8%
10.0%
55.7%
6.5%
10.6%
6.4%
10.6%
6.4%
11.7%
5.9%
16.5%
9.0%
63.3%

Stationary Carreau Transmission Probability
Density
(kg/m3)
1450
1450
1450
1450
1450
1220
1220
1220
1220

Particle
Size
(mm)
0.15
0.25
0.5
1
3
0.15
0.25
0.5
1

Descending
Aorta
46.9%
46.5%
45.6%
38.3%
2.3%
46.9%
46.7%
46.0%
40.1%

Left Common Left
Brachiocephalic Carotid
Subclavian
Artery
Artery
Artery
In Arch
37.2%
1.1%
6.1%
8.6%
36.8%
1.1%
6.1%
9.5%
36.3%
1.6%
5.6%
10.9%
34.5%
2.0%
5.5%
19.6%
34.1%
2.1%
10.9%
50.6%
37.1%
1.1%
6.0%
9.0%
36.9%
1.1%
6.1%
9.2%
36.4%
1.5%
5.6%
10.5%
34.7%
1.7%
5.5%
18.0%
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1220
1066
1066
1066
1066
1066
800
800
800
800
800

3
0.15
0.25
0.5
1
3
0.15
0.25
0.5
1
3

2.6%
47.0%
46.8%
46.3%
41.7%
2.9%
47.0%
46.9%
46.6%
43.9%
3.6%

30.9%
37.1%
36.9%
36.6%
35.6%
27.7%
37.3%
37.0%
36.3%
35.4%
24.2%

2.3%
1.1%
1.1%
1.5%
1.7%
2.3%
1.1%
1.1%
1.3%
1.7%
2.0%

10.3%
6.0%
6.1%
5.6%
5.3%
9.6%
6.0%
6.1%
5.6%
5.1%
8.8%

54.0%
8.8%
9.1%
10.1%
15.7%
57.5%
8.7%
8.8%
10.2%
13.9%
61.4%

Time Dependent Newtonian Transmission Probability
Density
(kg/m3)
1450
1450
1450
1450
1450
1220
1220
1220
1220
1220
1066
1066
1066
1066
1066
800
800
800
800
800

Particle
Size
(mm)
0.15
0.25
0.5
1
3
0.15
0.25
0.5
1
3
0.15
0.25
0.5
1
3
0.15
0.25
0.5
1
3

Descending
Aorta
47.6%
47.6%
45.3%
26.4%
1.8%
47.8%
47.5%
45.7%
31.9%
1.6%
47.7%
47.6%
46.0%
35.3%
1.7%
47.9%
47.4%
46.7%
40.8%
1.8%

Brachiocephalic Left Common
Artery
Carotid Artery
35.1%
1.2%
34.9%
1.1%
34.9%
1.3%
33.2%
1.5%
36.4%
2.1%
35.2%
1.2%
35.0%
1.1%
34.9%
1.3%
33.4%
1.5%
35.4%
2.5%
35.1%
1.2%
35.1%
1.1%
34.9%
1.3%
33.5%
1.5%
29.8%
2.1%
35.2%
1.2%
34.8%
1.1%
35.0%
1.2%
33.9%
1.5%
25.4%
1.8%

Left
Subclavian
Artery
In Arch
6.2%
10.0%
6.0%
10.4%
5.7%
12.7%
5.9%
33.0%
11.0%
48.7%
6.2%
9.6%
6.1%
10.3%
5.9%
12.1%
6.0%
27.2%
10.9%
49.5%
6.3%
9.7%
5.9%
10.3%
5.9%
11.8%
5.5%
24.2%
10.0%
56.3%
6.1%
9.5%
6.1%
10.6%
5.9%
11.2%
5.8%
18.1%
9.8%
61.3%

115

Time Dependent Carreau Transmission Probability
Particle
Left Common Left
Density
Size
Descending Brachiocephalic Carotid
Subclavian
(kg/m3)
(mm)
Aorta
Artery
Artery
Artery
In Arch
1450
0.15
45.5%
37.3%
1.4%
7.2%
8.5%
1450
0.25
45.4%
36.7%
1.5%
7.1%
9.2%
1450
0.5
44.2%
36.4%
1.3%
7.3%
10.8%
1450
1
32.8%
34.0%
1.4%
6.0%
25.8%
1450
3
1.6%
31.8%
2.1%
10.7%
53.7%
1220
0.15
45.4%
37.3%
1.4%
7.2%
8.6%
1220
0.25
45.4%
36.8%
1.5%
7.1%
9.1%
1220
0.5
44.6%
36.3%
1.3%
7.2%
10.5%
1220
1
37.5%
34.6%
1.7%
6.1%
20.0%
1220
3
2.1%
31.5%
3.0%
11.1%
52.3%
1066
0.15
45.5%
37.3%
1.4%
7.2%
8.6%
1066
0.25
45.5%
37.1%
1.5%
7.2%
8.7%
1066
0.5
44.7%
36.2%
1.4%
7.1%
10.5%
1066
1
38.8%
34.8%
1.7%
6.4%
18.3%
1066
3
1.9%
30.6%
2.2%
10.7%
54.6%
800
0.15
45.4%
37.3%
1.4%
7.2%
8.6%
800
0.25
45.4%
37.1%
1.5%
7.2%
8.8%
800
0.5
44.8%
36.5%
1.6%
7.1%
10.0%
800
1
40.9%
35.6%
1.5%
6.7%
15.4%
800
3
2.2%
26.8%
1.6%
10.3%
59.2%
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10.6 Appendix F: Particle Profiles for Each Parameter Combination
Time Dependent Carreau Model: Particle Distribution at 13 seconds
Density=1450 kg/m3; Size= 0.15 mm

Density=1450 kg/m3; Size= 0.25 mm

117

Density=1450 kg/m3; Size= 0.5 mm

Density=1450 kg/m3; Size= 1 mm
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Density=1450 kg/m3; Size= 3 mm

Density=1220 kg/m3; Size= 0.15 mm

119

Density=1220 kg/m3; Size= 0.25 mm

Density=1220 kg/m3; Size= 0.5 mm

120

Density=1220 kg/m3; Size= 1 mm

Density=1220 kg/m3; Size= 3 mm
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Density=1066 kg/m3; Size= 0.15 mm

Density=1066 kg/m3; Size= 0.25 mm
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Density=1066 kg/m3; Size= 0.5 mm

Density=1066 kg/m3; Size= 1 mm
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Density=1066 kg/m3; Size= 3 mm

Density=800 kg/m3; Size= 0.15 mm
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Density=800 kg/m3; Size= 0.25 mm

Density=800 kg/m3; Size= 0.5 mm
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Density=800 kg/m3; Size= 1 mm

Density=800 kg/m3; Size= 3 mm
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10.7 Appendix G: Minitab Statistics Output
Descending Aorta GLM Output
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Brachiocephalic GLM Output
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Left Common Carotid GLM Output
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Left Subclavian GLM Output
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